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BQPwnwR aE C EEEOB mMPORTTTONS ANP METHODS 

This is a continuation-in-part of U.S. S.N. 
922,585, filed October 24, 1986. 

ftPgwnWT.RnCIMRNT 

This invention was made with government 
support under a grant from the National Institutes of 
Health (Grant No. GM 26444) . 

p T FT.n OF T H R TMVRWTTON 

The present invention relates to hormone 
receptor proteins and genes encoding them, modification 
of such receptors and genes by recombinant DNA and 
other genetic engineering techniques, plus uses of such 
receptors and genes, both unmodified and modified. More 
15 particularly, the invention concerns steroid and 

thyroid hormone receptors and associated genes. Most 
particularly; it concerns human glucocorticoid, 
mineralocorticoid and thyroid hormone receptors and 
genes for them. In addition the invention relates to a 
novel bioassay system for determining the functionality 
of hormone receptor proteins coded for by receptor DNA 
clones, plus novel methods for inducing and controlling 
expression of genes whose transcription is activated by 
hormones complexed with receptor proteins. 
25 fl ft nrr.pnnNn pP tctp. tkvenTION 

Transcriptional regulation of development and 
homeostasis in complex eukaryotes, including humans and 
other mammals, birds, and fish, is controlled by a wide 
variety of regulatory substances, including steroid and 
thyroid hormones. These hormones exert potent effects 
on development and differentiation in phylogenetically 
diverse organisms and their actions are mediated as a 
consequence of their interactions with specific, high 
affinity binding proteins referred to as receptors. S&& 
35 generally, Jensen, et al., (1972); Gorski, et al., 
(1976); Yamamoto, et al., (1976); O'Malley, et al., 



20 
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(1969); Bayward, etal., (1982); and Asburner, et al., 
(1978). 

Receptor proteins, each especially specific 
for one of the several classes of cognate steroid 
5 hormones (i.e., estrogens (estrogen receptor), 

progestogens (progesterone receptor), glucocorticoids 
(glucocorticoid receptor), androgens (androgen 
receptor), aldosterones (mineralocorticoid receptor) or 
for cognate thyroid hormones (thyroid hormone 
10 receptor) , are known and distributed in a tissue 
specific fashion, pea Horwitz, et al., (1978) and 
Pamiter, et al., (1976). 

Turning now to the interaction of hormones and 
receptors, it is known that a steroid or thyroid 
15 hormone enters cells by facilitated diffusion and binds 
to its specific receptor protein, initiating an 
alosteric alteration of the protein. As a result of 
this alteration, the hormone/receptor complex is 
capable of binding to certain specific sites oh 
20 chromatin with high affinity. Sss. Yamamoto, et al., 
(1972) and Jensen, et al., (1968). 

It is also known that many of the primary 
effects of steroid and thyroid hormones involve 
increased transcription of a subset of genes in 
25 specific cell types. See. Peter kof sky, et al., (1968) 
and McKnight, et al., (1968). Moreover, there is 
evidence that activation of transcription (and, 
consequently, increased expression) of genes which are 
responsive to steroid and thyroid hormones (through 
30 interaction of chromatin with hormone receptor/hormone 
complex) is effected through binding of the complex to 
enhancers associated with the genes. Khoury, et 

al., 1983.) 

In any case, a number of steroid hormone and 
35 thyroid hormone responsive transcriptional control 
units, some of which have been shown to include 
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enhancers, have been identified. These include the 
mouse mammary tumor virus 5 '-long terminal repeat (MTV 
LTR) , responsive to glucocorticoid, aldosterone and 
androgen hormones; the transcriptional control units 

5 for mammalian growth hormone genes, responsive to 

glucocorticoids, estrogens, and thyroid hormones; the 
transcriptional control units for mammalian prolactin 
genes and progesterone receptor genes, responsive to 
estrogens; the transcriptional control units for avian 

10 ovalbumin genes, responsive to progesterones; mammalian 
metallothionein gene transcriptional control units, 
responsive to glucocorticoids; and mammalian hepatic 
alpha 2u -globulin gene transcriptional control units, 
responsive to androgens, estrogens, thyroid hormones 

15 and glucocorticoids. (See the Introduction portion of 
Experimental Section I of this Specification for 

references. ) 

A major obstacle to further understanding and 
more practical use of the steroid and thyroid hormone 
20 receptors has been the lack of availability of the 
receptor proteins, in sufficient quantity and 
sufficiently pure form, to allow them to be adequately 
characterized. The same is true for the DNA gene 
segments which encode them. Lack of availability of 
25 these DNA segments has prevented in xitui manipulation 
and in yivo expression of the receptor-coding genes, 
and consequently the knowledge such manipulation and 
expression will yield. 

The present invention is directed to 
30 overcoming these problems of short supply of adequately 
pure receptor material and lack of DNA segments which 
encode the receptors. 

RFiFfl? BMPR T ' TST 
The Background section of the specification 
35 refers to the following publications. 
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The study disclosed in Experimental Section I 
has been published as: Hollenberg, S.M., Weinberger, 
C, Ong, E.S., Cerelli, G. , Oro, A., Lebo, R. , 
Thompson, E.B., Rosenfeld, M.G., and Evans, R.M. , 
5 "Primary Structure and Expression of a Functional Human 
Glucocorticoid Receptor cDNA" , Mature (London), 
318:635-641 (December, 1985). 

The study disclosed in Experimental Section II 
has been published as: Giguere, V., Hollenberg, S.M. , 
Rosenfield, H.G., and Evans, R.M., "Functional Domains 
of the Human Glucocorticoid Receptor", £gll, 46:645-652 
(August, 1986) 

The study disclosed in Experimental Section 
III has been published as: Weinberger, C. , Thompson, 

C. C., Ong, E.S., Lebo, R. , Gruol, D.J. , and Evans, 
R.M., "The c-£xJti-A Gene Encodes a Thyroid Hormone 
Receptor", N»<-"re (London), 324:641-646 (December, 

1986) . 

The study disclosed in Experimental Section IV 
20 has been published as: Arriza, J.L. , Weinberger, C. , 
Cerelli, G. , Glaser, T.M., Handelin, B.L., Houseman, 

D. E., and Evans, R.M. , "Cloning of Human 
Mineralocorticoid Receptor Complementary DNA: 
Structural and Functional Kinship with the 

25 Glucocorticoid Receptor", Science, 237:268-275 (July, 

1987) . 

The study disclosed in Experimental Section V 
is in press as: Giguere, V., Yang, N. , Segui, P., and 
Evans, R.M. , "Identification of a New Class of Steroid 
Hormone Receptors". 
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The study disclosed in Experimental Section VI 
is in press as: Glass, C.K., Franco, R. / Weinberger , 
C. , Albert, V*R., Evans, R.M., and Rosenfeld, M.G. , n A 
c-£jJi-A Binding Site in the Rat Growth Hormone Gene 
Mediates Transactions by Thyroid Hormone". 

The study disclosed in Experimental Section 
VII has been published as: Thompson, Catherine C. , 
Weinberger, Cary f Lebo, Roger, and Evans f Ronald M. , 
"Identification of a Novel Thyroid Hormone Receptor 
Expressed in the Mammalian Central Nervous System", 
SciencP , 237:1610-1614 (September, 1987). 

BRIEF DESCRIPTION OP THE DRAWINGS 

The following is a brief description of the 
drawings. More detailed descriptions are found in the 
15 Experimental Sections of this sepcif ication. To avoid 
confusion, drawings which are referred to in 
Experimental Section I are labeled with the prefix "I"; 
those referred to in Experimental Section II are 
labeled with the prefix "II", and so on. 
20 The drawings comprise 40 Figures, of which: 

EXPERIMENTAL SECTION I 
FIGURE 1-1 (A and B) is a drawing which shows 
the human glucocorticoid receptor cDNA sequencing 
strategy (Fig. I-l(A)) r plus a schematic representation 
25 of cuNA clones (Fig. I-l(B)). 

FIGURE 1-2 is a drawing which shows the cDNA 
and predicted primary protein sequence of human 
glucocorticoid receptor (hGR) . (Figure 1-2 is divided 
into two parts: Fig. 1-2(1) and Fig. 1-2(2).) 
30 FIGURE 1-3 (A and B) is a drawing which shows 

the restriction map (Fig. 1-3 (A)) and nucleotide 
sequence (Fig. 1-3 (B) ) of the 3 r end of the human 
glucocorticoid receptor beta cDNA (beta-hGR) . 

FIGURE 1-4 (A and B) relates to an immunoblot 

35 
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comparison of hGR translated in vitro with in yi^O hGR 
from cell extracts. Fig. 1-4 (A) is a drawing showing 
the vectors constructed for in vitro transcription of 
the hGR cDNA sequence. Fig. 1-4 (B) is a photograph 
showing a Western blot analysis of in vitro translation 
products and cell extracts. 

FIGURE 1-5 is a graph showing steroid-binding 
of alpha-hGR (GR107) translated in vitro* 

FIGURE 1-6 (A and B) is a schematic drawing of 
expression plasmids pGERRl (Fig. 1-6 (A)) and pGERR2 
(Fig. 1-6 (B) ) . Plasmid pGERRl was used to express 
estrogen related receptor hERRl; pGERR2 was used to 
express hERR2. 

EYPEPTMEMTAT. SECTION II 

15 FIGURE II-l is a drawing showing a schematic 

representation of the hGR functional assay. 

FIGURE II-2 is a photograph showing a Western 
blot analysis which illustrates expression of hGR 
protein. 

20 FIGURE II-3 is a photograph of a blot which 

illustrates induction of CAT activity by hGR. 

FIGURE II-4 (A and B) is a graph. Fig. 

II- 4(A) shows the dose-response to DEX of pRShGR alpha; 
Fig. II-4(B) shows the titration of pRShGRa. 

25 FIGURE II-5 is a schematic drawing showing the 

location of functional domains in hGR. 

EXPERIMENTAL SECTION III 
FIGURE III-l (A and B) is a drawing which 
shows (A) the restriction map and sequencing strategy, 
30 plus (B) the nucleotide and predicted amino acid 

sequence, of human placenta c-erb-A cDNA. (Figure 

III- IB is divided into two parts: Fig. III-1(B)-1 and 
Fig. III-l(B)-2.) 

FIGURE III-2 is a drawing showing an amino 
35 acid sequence comparison between the carboxy-terminal 
portions of the v- erb -A oncogene product, the human 
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placental c-&ihrh polypeptide and the human 
glucocorticoid and oestrogen receptors. . 

FIGURE III-3 (A, B and C) is a photograph of a 
blot showing Southern analysis and chromosome mapping 
of human placental DNA with c -erh- A DNA probes. Pig. 
III-3 (A) shows human term placental DNA digested with 
endonucleases and separated on an agarose gel. Fig. 
III-3(B) shows an analysis of a placental DNA using 
c-££jfct-A as a probe. Fig. III-3(C) shows chromosome 
mapping of the human c -erb -A genes. 

FIGURE III-4 (A and B) is a photograph showing 
human c -erb -A expression. Fig. III-4(A) is a blot 
showing a Northern analysis of RNA's from human cell 
lines and human placenta. Fig. III~4(B) illustrates 
synthesis of <*rb -A polypeptide ia vitro, 

FIGURE III-5 (A r B, C and D) shows four graphs 
which relate to thyroid hormone binding to <*rb-A 
polypeptides synthesized in vitro. Fig. III-5 (A) is a 
Scatchard analysis of 125i-t 3 binding to the <*rb-A 
polypeptides made in vitro . Fig. III-5(B) shows 
competition of thryoid hormone analogues ia vitro. Fig. 
III-5(C) shows competition of triiodothyronine isomers 
from 125 I-T3 binding to erb- A polypeptides synthesized 
in vitro . Fig. III-5 (D) shows competition of thyroid 
hormone analogues for 125i_«r 3 binding to 0.4 KC1 HeLa 
cell nuclear extracts. 

FIGURE III-6 is a schematic drawing which 
compares the steroid and thyroid hormone receptors. 

FIGURE III-7 is a drawing which shows the cDNA 
nucleotide sequence and the predicted primary protein 
sequence of human thyroid receptor hERBA 8.7. (The 
sequence of thyroid receptor hFA 8 is related to hERBA 
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8.7. See the Description of the Invention section 
which follows. ) 

EYPERIMBNTAT. SECTION IV 

FIGURE IV-1 (A, Br C and D) is comprised of 
three photographs and one schematic drawing/ all of 
which concern to isolation of a genomic sequence 
related to the hGR gene. Pig. IV-1 (A) is a photograph 
showing high-stringency Southern analysis of human 
placenta DNA digested with the indicated nucleases. 
Pig. IV-4(B) is similar except that it shows 
low-stringency Southern analysis. Pig. IV-4(C) is also 
a photograph of a Southern blot; it demonstrates 
isolation of the genomic sequence in a clone designated 
lambda HGH. Fig. IV-4(D) is a schematic drawing which 
15 shows the intron-exon structure of lambda HGH genomic 
fragment and its homology with hGR. 

FIGURE IV-2 (A and B) is a drawing which shows 
the cDNA nucleotide sequence and the predicted primary 
protein sequence of human mineralocor ticoid receptor. 
Fig. IV-2 (A) shows the composite structure of hMR 
aligned with a line diagram of some restriction 
endonuclease cleavage sites. Fig. IV-2(B) shows the 
complete nucleotide sequence of hMR and its primary 
predicted amino acid sequence. (Figure IV-2(B) is 
25 divided into two parts: Pig. IV-2(B)-1 and Fig. 
IV-2(B)-2.) 

FIGURE IV-3 is a drawing which shows the amino 
acid homology between raineralocorticoid receptor and 
glucocorticoid receptor. 
30 FIGURE IV-4 (A, B, C and D) is a drawing and 

three graphs which relate to the steroid-binding 
properties of expressed hMR. Fig. IV-4 (A) shows the 
structure of expression plasmid pRShMr, the plasmid 
used to express hMR. Fig. IV-4 (B) is a graph showing 

35 
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Scatchard analysis of tritiated aldosterone binding in 
extracts prepared from pRShMR-transf ected COS cells. 
Pigs. IV-4(C) and (D) are graphs showing competition of 
unlabeled steroids for binding with [3H]aldosterone in 
transf ected COS cells. 

FIGURE IV-5 (A, B and C) is a drawing and two 
photographs which show transcriptional activation of 
MMTV LTR by hMR. and hGR expression plasmids in 
transf ected CV-1 cells. Fig. IV-5 (A) is a schematic 
drawing of plasmid GMCAT. Fig. IV-5(B) is a photograph 
of a blot which shows differential CAT enzyme activity 
found after hMR or hGR transfection with normal serum. 
Fig. IV-5(C) is a photograph of a blot which shows 
differential induction of CAT activity by aldosterone 
or dexamethasone in cells transf ected with hMR or hGR. 

FIGURE IV-6 is a photograph of a blot showing 
Northern analysis of mineralocorticoid receptor mRNA f s 
in rat tissues. 

FIGURE IV-7 is a photograph showing 
chromosomal localization of hMR gene by Southern 
analysis of microcell hybrids. 

FIGURE IV-8 is a schematic drawing showing 
amino acid comparisons of the hGR, hMR, and hPR 
structures. 

EXPERIMENTAL SECTTOtt V 

FIGURE V-l (A and B) is a drawing which shows 
the cDNA nucleotide sequence and the predicted primary 
protein sequence of hERRl. Fig. V-l (A) shows the 
composite structure of hERRl aligned with a line 
diagram of some restriction endonuclease cleavage 
sites. Fig. V-l(B) shows the complete nucleotide 
sequence of hERRl and its primary predicted amino acid 
sequence. (Figure V-l(B) is divided into two parts: 
Fig. V-1(B)-1 and Fig. V-I(B)-2.) 
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FIGURE V-2 (A and B) is a drawing which shows 
the cuNA nucleotide sequence and the predicted primary 
protein sequence of hERR2. Fig. V-2 (A) shows the 
composite structure of hERR2 aligned with a line 

5 diagram of some restriction endonuclease cleavage 
sites. Fig. V-2(B) shows the complete nucleotide 
sequence of hisRR2 and its primary predicted amino acid 
sequence. (Figure V-2(B) is divided into two parts: 
Fig. V-2(B)-1 and Fig, V-2(B)-2.) 

10 FIGURE V-3 is a drawing showing an amino acid 

sequence comparison between the carboxy-terminal 
.regions of hERRl, hERR2, the human oestrogen and 
glucocorticoid receptors. 

FIGURE V-4 is a photograph showing Northern 

15 blot hybridization analysis of hERRl (Fig, V-4 (A) ) and 
mRNA's in rat and human tissues (Fig. V-4(B)). 

FIGURE V-5 is a schematic drawing showing 
amino acid comparison between hERRl and hERR2, hER and 
human thyroid hormone receptor (J1T3R beta) . 

20 RXPERTMENT AT. SECTION VI 

FIGURE VI-1 (A, B and C) is comprised of two 
drawings, plus a drawing and a photograph, all of which 
relate to thyroid hormone responsiveness of various 
gene fusions containing rat GH 5*-flanking sequences. 

25 Fig. VI-l(A) is a drawing which illustrates 

responsiveness of 5' and 3 1 deletions of the rat GH 
gene. Fig. VI-l(B) is a drawing which shows functional 
analysis of the putative T3 receptor binding site- Fig. 
VI-l(C) is a drawing/photograph combination which 

30 illustrates an mRNA transcription initiation site 
analysis. 

FIGURE VI-2 (A and B) is a drawing which 
relates to binding of T3 receptors to oligonucleotide 
probes containing biotin-ll-dUTP. Fig. VI-1 (A) is a 

35 
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schematic representation of two oligonucleotide probes 
used to assay T3 receptor binding to GH 5 1 -flanking 
sequences. Pig. IV-l(B) is a graph showing 
precipitation of 125i_t 3 labeled T3 receptors from GC2 
nuclear extracts by various oligonucleotide probes. 

FIGURE VI-3 is a photograph showing a DNase I 
footprinting of the rat GH enhancer element by GC2 
nuclear extracts. 

FIGURE VT-4 is a graph illustrating binding to 
oligonucleotides containing 64 and 29 base pairs of 
5' -flanking GH sequence of rat pituitary cell T3 
receptors and an hc -erb -A ia vitro translation product. 
EXPERIMENTAL SECTION VII 
FIGURE VII-1 (A and B) is a schematic drawing 
which shows the restriction map (A), plus the 
nucleotide and predicted amino acid sequence (B) , of. 
thyroid hormone receptor cDNA from. rat brain clone 
rbeA12. 

FIGURE VII-2 is a schematic drawing which 
compares the rat thyroid hormone receptor (rTR alpha) 
protein with the human thyroid hormone receptor (hTR 
beta) and chicken thyroid hormone receptor (cTR alpha) 
proteins. 

FIGURE VII-3 (A r B and C) is a photograph 
" showing Southern blot analysis and human chromosomal 

localization of the rTR alpha gene. Fig* VII-3 (A) is a 
blot showing human placenta DNA hybridized to a 5 00-bp 
Pvu ii fragment" from rbeA12; Fig. VII-3 (B) shows the 
placenta DNA hybridized to a 450-bp .SsJtl fragment from 
hTR beta. Fig. VII-3 (C) shows chromosome mapping of 
the rTR alpha gene. 



15 



20 



30 



35 



SUBSTITUTE SHEET 



WO 88/03168 



PCT/US87/02782 



-13- 

FIGDRE VII-4 (A, B and C) shows a photograph 
and two graphs which relate to in vitro translation and 
thyroid hormone binding of rTR alpha. Pig. VII-4 (A) is 
a photograph of a SDS-polyacrylamide gel showing the in 
5 vitro translation products of rTR alpha. Pig. VII-4 (B) 
is a graph showing a Scatchard analysis of 1 25 I-T3 
binding to in vitro translated rTR alpha. v Fig. 
VII-4 (C) is a graph showing competition of thyroid 
hormone analogs for 125i_t 3 binding to in vitro 
10 translated rTR alpha. 

FIGURE VII-5 is a photograph of a gel which 
illustrates tissue distribution of rTR alpha mRNA. 

DEFINITIONS 
In the present specification and claims f 
15 reference will be made to phrases and terms of art 

which are expressly defined for use herein as follows: 

As used herein, GR means glucocorticoid 
receptor. Disclosed DNA hGR codes for. glucocorticoid 
receptor GR. 

20 As used herein, MR means mineralocor ticoid 

receptor. Disclosed DNA hMR codes for 
mineralocorticoid receptor MR. 

As used herein, TR means thyroid receptor. 
Disclosed human DNA 1 s c- erh -A. hERBA 8.7 and hFA8, and 
25 rat rbeA12, all code for thyroid receptor. 

As used herein, hERRl and hERR2 designate 
DNA's which code for estrogen-related receptor 
proteins. 

As used herein, glucocorticoid hormones 
30 include Cortisol, hydrocortisone (HC) , and 

corticosterone (CS) , and analogs thereof include 
dexamethasone (Dex) , deoxycorticosterone (Doc) , and 
triamcinolone acetonide. 

As used herein, mineralocorticoids include 

35 . 
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aldosterone (Aldo) ,. as well as corticosterone (CS) , and 
deoxycorticosterone (Doc) . 

As used herein, thyroid hormones include 
thyroxine (T4) and triiodothyronine (T3) . 
5 As used herein, estrogens (or oestrogens) 

include estradiol-17 beta, and analogs thereof include 
diethylstiibestrol. 

As used herein, progestogens include 
progesterone (Prog) , and analogs thereof include 
promegestone. 

As used herein, androgens include 
dihydroxytestosterone, and analogs thereof include 
methyltrienolone. 

As used herein, MTV means mammary tumor virus; 
15 MHTV means mouse mammary tumor virus. 

As used herein, RSV means Rous sarcoma virus; 
SV means Simian virus. 

As used herein, CAT means chloramphenicol 
acetyltransf erase. 
20 as used herein, COS means monkey kidney cells 

which express T antigen (Tag). Sss. Gluzman, Cel l, 
23:175 (1981). COS cells are useful in the bioassay 
system of the present invention. 

As used herein, CV-1 means mouse kidney cells 
25 from the cell line referred to as "CV-1". CV-1 is the 
parental line of COS. Onlike COS cells, which have 
been transformed to express SV40 T antigen (Tag) , CV-1 
cells do not express T antigen. Like COS cells, CV-1 
cells are useful in the bioassay system and methods of 
the present invention. 

As used herein, when it is said that a protein 
has "hormone-binding properties characteristic of a 
hormone receptor", it means that, if, in any standard 
assay for binding-affinity between a hormone from a 
35 species, or a synthetic analog thereof, and its cognate 
receptor (s) from that species, the affinity of the 
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protein for the hormone or synthetic analog is at least 
about 10% of the affinity of the hormone or analog and 
the cognate receptor (s) from that species. 

As used herein, when it is said that the 
transcription-activating property of a protein (X) is 
"characteristic" of that of a hormone receptor (R) , it 
means that, if, when tested in an assay such as the 
"cis-trans" receptor functionality bioassay system of 
the invention, (s££ Description of the Invention; also 
ssa Experimental Section II, especially Fig. Il-l* plus 
the subsections labeled "Results" and "Experimental 
Procedures" which relate to use of the bioassay to show 
functional expression of hGR) , the rate of expression 
from a gene (G) (whose transcription is activated by 
binding of: a receptor complexed with hormone or 
hormone analog) is, when protein (X) is employed in 
place of receptor (R) , at least about 10% that shown 
when receptor (R) itself is used, as long as, in both 
the case of the "receptor" (R) and "protein (X)", the 
involved cells are bathed in the same concentration of 
hormone or analog thereof. 

As used herein, when it is said that a protein 
has "hormone-binding or transcription-activating 
properties characteristic of a hormone receptor", it is 
intended that the hormone receptor itself be 
encompassed within this definition. 

As used herein, when it is said that the 
transcription of a gene (G) is "substantially activated 
by hormone (H) , or hormone analog (aH)", it means that 
the transcription of gene (G) is induced by binding of: 
a hormone/receptor [(H) or (aH)/(R) or (r)] complex to 
chromatin near where gene (G) is located. Under this 
definition (R) is meant to designate "wild-type" or 
unaltered hormone receptors. The lower case (r) 
notation is meant to designate functional "engineered" 
or "modified" receptor proteins, or proteins encoded by 
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mRNA variants of "wild-type" receptor genes. 

As used herein, GRE 1 s mean glucocorticoid 
response elements and TRE's mean thyroid receptor 
enhancer-like DNA sequences. GRE's are enhancer-like 
DNA sequences that confer glucocorticoid responsiveness 
via interaction with the GR. See Payvar, et al., Cell/ 
35;381 (1983) and Schiedereit, et ai», Naturer 304:749 
(1983). TRE's are similar to GRE's except that they 
confer thyroid hormone responsiveness via interaction 
with TR.. 

As used herein, the terms "transcriptional 
control unit" # "transcriptional control element"/ 
"hormone responsive promoter/enhancer element" and "DNA 
sequences which mediate transcriptional stimulation" 
mean the same thing , and are used interchangeably. 

As used herein/ in the phrase "operative 
hormone responsive promoter/enhancer element 
functionally linked to an operative reporter gene" f the 
word "operative" means that the respective DNA 
sequences (represented by the terms "hormone responsive 
promoter/enhancer element" and "reporter gene") are 
operational/ i.e./ work for their intended purposes; 
the word "functionally" means that after the two 
segments are linked/ upon appropriate activation by a 
hormone-receptor complex/ the reporter gene will be 
expressed as the result of the fact that the "hormone 
responsive promoter" was "turned on" or otherwise 
activated. 

As used herein r the terra "receptor-negative" 
means that no receptor is detectable in the cell/ or if 
it is f only a da pinimus amount (i.e. r a barely 
detectable amount) of receptor is present. 

As used herein, a "mutant" of a DNA of the 
invention means a DNA of the invention which has been 
genetically engineered to be different from the 
"wild-type" or unmodified sequence. Such genetic 
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engineering can include the insertion of new 
nucleotides into the wild-type sequences, deletion of 
nucleotides from the wild-type sequences, or a 
substitution of nucleotides in the wild-type sequences. 

Use of the term "substantial sequence 
homology* in the present specification and claims means 
it is intended that DNA or RNA sequences which have da 
alalaua sequence variations from the actual sequences 
disclosed and claimed herein are within the scope of 
the appended claims. 

The amino acids which comprise the various 
amino acid sequences appearing herein may be identified 
according to the following three-letter or one-letter 
abbreviations: 
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Three-Letter 


One-Letter 


Amino Acid 


Ahhrpviation 


Abbreviation 


L - Alanine 


Ala 


A 


L - Arginine 


Arg 


R 


L - Asparagine 


Asn 


N 


L - Aspartic Acid 


Asp 


D 


L - Cysteine 


Cys 


C 


L - Glutamine 


Gin 


Q 


L - Glutamic Acid 


Glu 


E 


L - Histidine 


His 


B 


L - Isoleucine 


lie 


I 


L - Leucine 


Leu 


L 


L - Lysine 


Lys 


K 


L - Methionine 


Met 


H 


L - Phenylalanine 


Phe 


F 


L - Proline 


Pro 


P 


L - Serine 


Ser 


S 


L - Threonine 


Thr 


T 


L - Tryptophan 


Trp 


W 


L - Tyrosine 


Tyr 


y 


L - Valine 


Val 


V 



The nucleotides which comprise the various 
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nucleotide sequences appearing herein have their usual 
single-letter designations (A, G f T, C or U) used 
routinely in the art. 

In the textual portion of the present 
specification and claims, references to Greek letters 
are written as alpha, beta, etc. In the Figures the 
corresponding Greek letter symbols are sometimes used. 

Expression plasmid pGEM3 is commercially 
available from Promega Biotec, 2800 South Fish Hatchery 
Road, Madison, WI 53711. 

DEPOSITS 

Plasmids pRShGR-alpha, pRShMR, peAlOl, rbeA12 
and GMCAT, all of which are in JLu col i HB101, plasmids 
pE4 and pHKA, both of which are in Rm. col i DH5 , plus 
plasmids phH3, phERBA 8.7 and phFA 8, have been 
deposited at the American Type Culture Collection, 
Rockville, Maryland, U.S.A.. (ATCC) under the terms of 
the Budapest Treaty on the International Recognition of 
Deposits of Microorganisms for Purposes of Patent 
Procedure and the Regulations promulgated under this 
Treaty. Samples of the plasmids are and will be 
available to industrial property offices and other 
persons legally entitled to receive them under the 
terms of said Treaty and Regulations and otherwise in 
compliance with the patent laws and regulations of the 
United States of America and all other nations or 
international organizations in which this application, 
or an application claiming priority of this 
application, is filed or in which any patent granted on 
any such application is granted. 

The ATCC Deposit Numbers for the ten deposits 
are as follows: 

pRShGR-alpha 67200 
pRShMR 67201 
35 peAlOl 67244 

rbeA12 67281 
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GMCAT 67282 

p E 4 67309 

pHKA 67310 

phERBA 8.7 40374 

phFA 8 40372 

phH 3 40373 

SUMM&BX nv thp- TMVBNTTON 

In one aspect, the present invention comprises 
a double-stranded DNA segment wherein the plus or sense 
strand of the segment contains a sequence of triplets 
coding for the primary sequence of a protein which has 
hormone-binding and/or transcription-activating 
properties characteristic of a hormone receptor protein 
selected from the group consisting of: a glucocorticoid 
receptor, a miner alocorticoid receptor and a thyroid 
hormone receptor. According to this aspect of the 
invention, the double-stranded DNA segment is one which 
is capable of being expressed into the receptor 
protein. 

In another aspect, the invention comprises a 
single-stranded DNA, which is the sense strand of a 
double-stranded DNA according to the invention, and an 
RNA made by transcription of a double-stranded DNA of 
the invention. 

In another aspect, the invention comprises 
plasroids which contain DNA illustrative of the DNA of 
the present invention. These plasmids have been 
deposited with the American Type Culture Collection for 
patent purposes. The plasmids of the invention include 
plasmids selected from the group consisting of: 
pRShGR-alpha (ATCC #67200) , pRShMR (ATCC #67201) , 
peAlOl (ATCC #67244), rbeA12 (ATCC #67281), GMCAT (ATCC 
#67282) , pE4 (ATCC #67309) , pHKA (ATCC #67310) , phERBA 
8.7 (ATCC #40374), phFAS (ATCC #40372), and phH3 (ATCC 
#40373) . 

In still another aspect, the invention 
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comprises a cell, preferably a mammalian cellr 
transformed with a DNA of the invention. According to 
this aspect of the invention, the transforming DNA is 
capable of being expressed in the cell* thereby 
' increasing the amount of receptor r encoded by this DNA, 

in the cell. 

Further the invention comprises cells, 
including yeast cells and bacterial cells such as those 
of poll and fi^ sufafcillSr transformed with DNA's of 
10 the invention. 

Still further the invention comprises novel 
receptors made by expression of a DNA of the invention, 
or translation of an mRNA of the invention. According 
to this aspect of the invention, the receptors will be 
15 protein products of "unmodified" DNA's and mRNA 1 s of 
the invention, or will be modified or genetically 
engineered protein products which, as a result of 
engineered mutations in the receptor DNA sequences, 
will have one or more differences in amino acid 
20 sequence from the corresponding naturally occurring 
"wild-type" or cognate receptor (i.e., the naturally 
occurring receptor of known sequence with the greatest 
amino acid sequence homology to the novel receptor). 
Preferably these receptors, whether "unmodified" or 
25 "engineered", will have at least about 10% of the 

hormone binding activity and/or at least about 10% of 
the transcription-activating activity of the 
corresponding naturally occurring cognate receptor. 

The invention also comprises a novel method 
30 for determining the functionality of hormone receptor 
proteins produced from the DNA 1 s (or mRNA 1 s ) of the 
invention. The new method, which is referred to herein 
as the "cis-trans" bioassay system, utilizes two 
plasmidst an "expression" plasmid and a "reporter" 
35 plasmid. According to the invention, the expression 
plasmid can be any plasmid which contains and is 
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capable of expressing a receptor DNA of the invention, 
or an engineered mutant thereof, in a suitable 
receptor-negative host cell. Also according to the 
invention, the reporter plasmid can be any plasmid 
which contains an operative hormone responsive 
promoter/enhancer element functionally linked to an 
operative reporter gene. 

In practicing the "cis-trans* bioassay of the 
invention, the expression plasmid (containing^ 
"receptor" DNA of the invention) and the reporter 
plasmid are cotransf ected into suitable 
receptor-negative host cells. The transfected host 
cells are then cultured in the presence and absence of 
a hormone, or analog thereof, which is able to activate 
the hormone responsive promoter/enhancer element of the 
reporter plasmid. Next the transfected and cultured 
host cells are monitored for induction (i.e., the 
presence) of the product of the reporter gene sequence. 
Finally, according to the invention, the expression and 
steroid binding-capacity of the receptor protein (coded 
for by the receptor DNA sequence on the expression 
plasmid and produced in the transfected and cultured 
host cells), is measured. (<££& Pig. H-2 for a 
schematic drawing of this "cis-trans" bioassay system.) 

The "cis-trans" bioassay system is especially 
useful for determining whether a receptor DNA of the 
invention has been expressed in a transformed host 
cell; it is also useful in determining whether a 
receptor of the invention has at least about 10% of the 
binding activity of the corresponding naturally 
occurring cognate receptor, as well as whether such a 
receptor has at least about 10% of the 
transcription-activating activity of the corresponding 
naturally occurring cognate receptor. 

Finally, it has been discovered, with the use 
of the DNA 1 s of the invention, that a necessary and 



sufficient condition r for activation of transcription 
of a gene (G) whose transcription is activated by 
hormones complexed with receptors is the presence of 
the hormone and its receptor in the same cell as (G) • 
This discovery has enabled us to provide improved 
compositions and methods for producing desired proteins 
in genetically engineered cells. 

Two of these methods are methods of the 
present invention. The first is a method for inducing 
transcription of a gene whose transcription is 
activated by hormones complexed the receptors. The 
second is a method for genetically engineering a cell 
and then increasing and controlling production of a 
protein coded for by a gene whose transcription is 
activated by hormones complexed with receptor proteins. 

In discussing these two methods r a gene whose 
transcription is activated by hormones complexed with 
receptor proteins will be referred to as gene (G) . The 
hormone which activates gene (G) will be referred to as 
(H) f and any of its analogs as (aH> . Receptor protein 
will be referred to as (R) , and functional 
modifications thereof as (r). Finally, the cell where 
gene (G) is located will be referred to as (C) , and the 
protein coded for by gene (G) will be referred to as 
(P) . 

According to the gene induction method of the 
invention, cell (C) , which contains gene (G) , is 
transformed by a DNA of the invention, which is capable 
of being expressed in cell (CJ and which codes for 
receptor (R) or a modified functional form (r) thereof? 
and the concentration of hormone (B) , or analog (aH) , 
in cell (C) is increased to a level at least sufficient 
to assure induction of expression of gene (G) • 

According to the method for engineering a cell 
and then producing protein (P) : gene (G) , which codes 
for protein (P) is placed in cell (C) so that it is 
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under the control of a transcriptional control element 
to which hormone (H) , when complexed with receptor (R) , 
can bind, thereby inducing transcription of gene (G) . 
Also according to this protein production method, both 

5 hormone (H) and receptor (R) are present in cell (C) . 
The presence of receptor (R) is assured by transforming 
cell (C) with a DNA of the invention which codes for 
receptor (R) , or a functional modified form (r) 
thereof. The presence of hormone (H) , or its synthetic 

10 analog (aH) is assured by bathing transformed cell (C) 
in a bathing solution which contains hormone (H) or 
analog (aH) . Then, according to the method, the 
transcription of gene (G) is controlled by controlling 
the concentration of (H) or (aH) in the bathing 

15 solution used to bath transformed cell (C) . By so 
controlling the transcription of gene (G) , it is 
possible to control the production of protein (P) in 
cell (C). 

As those skilled in the art will appreciate, 
20 based on this teaching, it will now be possible to 
engineer cells so that production of a protein (P) , 
encoded by a gene (G) whose transcription is activated 
by a hormone/receptor complex, is controlled by simply 
assuring the presence of hormone (H) and its receptor 
25 in cell (C) where gene (G) is located, and then 

controlling the concentration of hormone (H) or its 
analog that is present in cell (C) . 

|7F.c;rPTPTTQ N THE- INVENTION 

The present invention relates, in part, to DNA 
30 segments which code for proteins having the 

hormone-binding and/or transcription-activating 
properties characteristic of glucocorticoid, 
mineralocorticoid and thyroid hormone receptors. 
According to this aspect of the invention, these DNA 
35 segments are ones capable of being expressed, in 

suitable host cells, thereby producing glucocorticoid, 
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mineralocorticoid and thyroid hormone receptors or 
receptor-like proteins. The invention also relates to 
mRNA's produced as the result of transcription of the 
sense stands of the DNA's of the invention. 

5 The DNA 1 s of the invention are exemplified by 

DNA's referred to herein as: human glucocorticoid 
receptor DNA (hGR) ; human thyroid hormone receptor 
DNA's (hTR: hTR alpha and hTR beta; hTR alpha is 
exemplified by hERBA 8.7 and hFA 8; hTR beta is 

10 exemplified by cellular or "c -erb- A") ? rat thyroid 

hormone receptor (rbeA12) , which is the rat homolog of 
human thyroid receptor alpha; human mineralocorticoid 
receptor (hMR) ; and new human steroid hormone receptors 
(hERRl and hERR2) • The sense strand cDNA nucleotide 

15 sequences, and the predicted primary protein sequences 
coded for thereby, are shown in Pigs. 1-2(1) and 1-2(2) 
for hGR; in Figs. III-1(B)-1 and III-l(B)-2 for human 
c -erb- A. and in Fig. III-7 for hERBA 8.7 and hFA 8; in 
Figs, IV-2(B)-1 and IV-2(B)-2 for hMR; in Figs. 

20 V-1(B)-1 and V-l(B)-2 and Figs. V-2(B)-1 and V-2(B)-2 
for hERRl and hERR2, respectively; and in Fig, VII-l(B) 
for rat thyroid receptor rbeAl2. 

DNA's hGR, human c -erb -A, hERBA 8.7, hFA8 , 
hMR, hERRl, and hERR2 are preferred uNA's of the 

25 invention. Also preferred are the plasmids which carry 
these and other DNA's of the invention. Preferred 
plasmids include: pRShGR-alpha, pRShMR, peAlOl, rbeA12, 
GMCAT, pE4, pHRA, phERBA 8.7, phFA 8, and phH3. 

In addition to pRShGR-alpha, preferred DNA's : 

30 include modifications of pRShGR-alpha which are 

designated herein as 19, 137, 1102, 1120, 1204, 1214, 
1262, 1289, 1305, 1346, 1384, 1403, 1408, 1422, 1428, 
1440, 1448, 1490, 1515, 1532, 1550, and 1684, where "I" 
stands for "Insert", and the number following the "I" 

35 represents the DNA modification designation. Most 

preferred of the modified pRShGR DNA's are those which 
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encode proteins having at least about 10% of the 
transcription-activating properties characteristic of 
human glucocorticoid receptor; those DNA's include 19 , 
137, 1102, 1120, 1204, 1214, 1262, 1289, 1305, 1346, 

5 1384, 1403, 1408, 1422, 1428, 1440, 1448, 1490, 1515, 
1532, 1550, and 1684. 

Construction of pRShGR-alpha is detailed in 
the part of the specification labeled "Experimental 
Section ll". {S&s. especially subsection II. P. (b), 

10 "Recombinant Plasmids".) Experimental Section II also 
details construction and properties of the pRShGR-alpha 
modifications referred to in the preceding paragraph. 

With regard to the cDNA sequence for hGR shown 
in Figs. 1-2(1) and 1-2(2), the two C's at the 5'-end 

15 of the indicated sequence are part of the &snX site 
joining the indicated segment to the 3' end of the 
segment which includes the RSV-LTR, and the T at the 
3' -end of the indicated sequence is a few bases 5' of 
the point where the indicated segment is joined to the 

20 segment which includes the SV4 0 polyadenylation signal. 

pRShMR was constructed in essentially the same 
manner as pRShGR-alpha and is essentially the same as 
pRShGR-alpha. Stated another way, with the exception 
of minor modifications at the insertion sites, the hMR 

25 segment shown in Fig. IV-2(A) replaces hGR, the 

sequence of which is shown in Figs. 1-2(1) and 1-2(2). 
Like pRShGR-alpha, pRShMV contains the receptor protein 
DNA coding sequence under the control of the promoter 
from Rous Sarcoma virus, plus the SV4 0 origin of 

30 replication. S&& Footnote 41 in the Reference portion 
of Experimental Section IV; also see Fig. IV-4(A); 
compare with Fig. II-l. 

With regard to the hMR sequence shown in Fig. 
IV-2(B)-1 and IV-2(B)-2, the AG at the 5 '-end of the 

35 segment is a few base pairs downstream of a flindlll 
site, whereby the hMR segment is joined to the 
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RSV-LTR-containing segment. The AA at the 3 l -end of the 
segment shown in Fig. IV-2(B)-2 is a few bases upstream 
of the 5 '-end of the segment which includes the SV40 
polyadenylation signal. 

5 Plasmid peAlOl carries the entire coding 

region of human thyroid receptor c -erh -A- (The gene 
for c-£Th-A been localized to human chromosome 3; the 
protein product encoded by this receptor gene is now 
referred to as hTR beta. Experimental Section III; 

10 compare with Experimental Section VII.) 

Plasmid peAlOl was constructed by inserting 
the EgqRI fragment from pheAl2 ( see Pig. III-l(A)) into 
the EcoRi site of expression vector p6EH3 (Promega 
Biotec) , in the correct orientation. For further 

15 detail on this construction see Experimental Section 
III, subsection III. I., under the heading labeled: 
Fig. III-4 Methods. 

In addition to the hTR receptor which has been 
localized to human chromosome 3, we have discovered a 

2C second thyroid hormone receptor that is distinct from 
the protein sequence predicted by plasmid peAl 01. We 
have now isolated and characterized this new and 
unexpected thyroid receptor from both the rat than the 
human. In the rat this new thyroid hormone receptor is 

25 encoded by the DNA of plasmid rbeA12. (The DNA and 

predicted primary protein sequence for rbeA12 is shown 
in Fig. VII-l(B)) In the human, the new thyroid hormone 
receptor is encoded by plasmid clone hERBA 8.7 f and its 
related clone hFA 8. ( See Fig. III-7 for the sequences 

30 of hERBA 8.7) hERBA 8.7 and hFA8 are CUNA products 

from the same gene. The DNA sequence of clone hFA 8 is 
identical with the DNA sequence for haRBA 8.7 (shown in 
Fig. III-7) with the following exceptions. The hFA 8 
sequence is shorter than the sequence shown in Fig. 

35 III-7. More specifically, nucleotides la (G) , through 
514 an (A) , of the ERBA 8.7 sequence are missing in the 
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hPA 8 sequence. In addition the hFA 8 sequence has a 
deletion which extends from the guanine (G) at base 
pair position 1138 through the guanine (G) at base pair 

5 
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1244. This deletion eliminates amino acids 368, a 
(Glu) , through 406, a (Gin) from the polypeptide 
encoded by the hFA 8 clone. As stated above, our 
initial thyroid receptor has been localized to 
chromosome 3. As we show in Experimental Section VII, 
the human gene for the new thyroid hormone receptor has 
been localized to human chromosome 17. Rat thyroid 
receptor rbeA12 represents the rat homolog of the human 
gene product from chromosome 17. 

Because they are encoded by distinct genetic 
loci, the chromosome 17 gene products are now 
classified as hTR alpha and the chromosome 3 gene 
product is classified as hTR beta. Although highly 
related, the alpha and beta gene products contain 
specific changes in their primary amino acid sequence. 
Also, alpha and beta products display 
characteristically distinct patterns of expression. 

The actions of thyroid hormones are widespread 
and dependent upon these receptors. Prior to our 
cloning of thyroid hormone receptor/ this receptor had 
not been purified or biochemically characterized. Also, 
the scientific literature was entirely devoid of any 
evidence suggesting the existence of multiple thyroid 
hormone receptor gene products. The existence of 
multiple receptors will be useful as the basis for 
developing thyroid hormone analogs that selectively 
activate only one class of these receptors. This could 
have widespread clinical impact and thus represents an 
exciting and important discovery. 

The initial thyroid hormone receptor we 
characterized was peA!2, the receptor now referred to 
as human thyroid receptor beta. We used this beta 
clone to screen, by molecular hybridization, a rat 
brain cDNA library for related sequences. This led to 
the identification of plasmid rbeA12 and its subsequent 
identification as a novel thyroid hormone receptor of 
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the alpha class. Rat rbeA12 in turn was used as a 
molecular hybridization probe to clone the human 
homolog to the rbeA!2 gene product. The human product 
is encoded by clones hERBA 8.7 and hPA 8. 
5 Additional thyroid receptor cDNA's (rat 

thyroid receptor rbeA12, and human thyroid receptors 
haRBA 8.7 and hPA8 can be expressed by inserting their 
cDNA 1 s , in the correct orientation f into expression 
vector pGEM3, as was done for c-£xJi-A« 
10 Turning now to plasmid GMCAT, it is a reporter 

plasmid that contains the MTV LTR linked to the 
bacterial gene for chloramphenicol acetyltransf erase 
(CAT). As a result of this linkage, use of pGMCAT 
provides an enzymatic assay for assessing 
15 transcriptional activity of the MTV promoter. Since 
the MTV promoter contains several glucocorticoid 
response elements (GRE's), reporter plasmid pGMCAT can 
be cotransf ected with expression plasmids carrying 
glucocorticoid or mineralocorticoid receptor DNA's, now 
20 known or later discovered, into suitable host cells. 
(Such cotransf ection is part of the receptor 
"cis-trans" functionality bioassay system of the 
present invention. This aspect of the invention is 
discussed more fully below.) Detection of CAT activity 
25 in the co-transf ected host cells shows that the 
polypeptides produced by the receptor expression 
plasmids are functional, i.e., have transcription 
activating properties characteristic of receptor 
proteins. Plasmid pGMCAT has been deposited with the 
30 ATCC for patent purposes; it has been accorded ATCC # 
67282* ( Rpg Pig. IV-5 (A) ) for a schematic drawing of 
pGMCAT . ) 

Plasmid GHCAT is an example of another 
reporter plasmid which is useful in the present 
35 invention. pGHCAT contains a portion of the growth 

hormone promoter functionally linked to the bacterial 
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gene for chloramphenicol acetyltransf erase (CAT) . 
Because of this iinkage, use of pGHCAT provides an 
enzymatic assay for assessing transcriptional activity 
of the growth hormone (GH) promoter. Since the GH 
promoter contains a thyroid hormone response element 
(TRE) f reporter plasmid pGHCAT can be cotransf ected 
with expression plasmids carrying thyroid hormone 
receptor DNA's, now known or later discovered/ into 
suitable host cells. (Such cotransf ection is also part 
of the "cis-trans" receptor functional bioassay system 
of the present invention. This aspect of the invention 
is discussed more fully below.) When pGHCAT is used 
with a TR expression plasmid (which for example could 
carry hTR alpha or hTR beta DNA) to cotransf ect 
suitable host cells, detection of CAT activity in the 
co-transf ected host cells can be used to show that the 
polypeptides produced by the thyroid receptor (TR) 
expression plasmids are functional/ i.e./ have 
transcription activating properties characteristic of 
thyroid receptor proteins. 

Plasmids pE4 and pHKA relate to cDNA r s which 
encode an estrogen related receptor referred to herein 
as hERRl. ( s^e Experimental Section V f especially Fig. 
V-l, parts A and B. ) Plasmid pE4 carries the cDNA 
segment referred to in Fig. V-l (A) as lambda hKE4; pHKA 
carries the segment referred to in that same figure as 
lambda hRAl. Both pE4 and phKAl have been deposited 
with the ATCC for patent purposes. The two plasmids 
can be joined as follows to produce a single plasmid 
(pGMERRl) which contains the entire coding sequence for 
estrogen related receptor hERRl. 

The preferred procedure for joining the two 
cDNA clones pE4 and pHKA makes use of a synthetic 
linker which is complementary at each end for a 
specific restriction enzyme site present in each cDNA. 
More specifically/ the inserts from lambda hKAl and 
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lambda hKE4 are cloned as £caRI fragments into the 
plasmid vector pGM3 (Promega Biotec) ; we named them 
pGMKA and pGMKE , respectively • Next, pGMKA is cut by 
N*r i and fliadlll and the fragment encoding hERRl is 

5 purified from agarose gel (fragment 1). pGMKE is cut 
by Drain and Mndlll and the fragment encoding the 5' 
end region of HERRI and the vector sequences is 
purified from agarose gel (fragment 2) . Thirdly, two 
synthetic oligonucleotides complementary to each other 

10 are synthesized. The oligonucleotides are as follows: 
Oligo Is 

GTGCCTGGTGCGGTGGGAGGAAAACCAGAGTGTATGCTACAAGCAGCCGGCGGG; 
Oligo II: 

CGCCCGCCGGCTGCTTGTAGCATACACTCTGGTTTTCCTCCCACCGCACCAGGC- 

15 ACTTT. Finally, Fragment 1 and 2 and Oligo I and II 
are ligated to each others according to standard 
methods known well to those skilled in the art, and 
then transformed into the bacterial stain DH5 • The 
resulting colonies are screened for the DNA construct 

20 referred to herein as pGMERRl • Plasmid pGMERRl can be 
used to express hERRl. fi££ Fig. 1-6 (A) for a schematic 
drawing of pGMERRl. 

Plasmid phH3 relates to clone lambda hH3 which 
was isolated from a human heart lambda gtll cDNA 

25 library using a nick-translated 700-bp ££aRI-SmaI 

fragment representing the 5' portion of lambda hKAl. 
(Clones lambda hKE4 and lambda hKAl were isolated from 
a human kidney lambda gtlO cDNA library; aea 
Experimental Section V., H. , especially the subsections 

30 labeled as Figure V-l and Figure V-2 Methods.) Clone 
lambda hH3 carries cDNA which codes for an estrogen 
related receptor referred to herein as hERR2. The cDNA 
from phH3 can be inserted into pGM3 to create pGMERR2, 
a drawing of which is shown in Fig. 1-6 (B) . The 
35 functional and structural characteristics of 

receptor-like polypeptides hERRl and hERR2 are 
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disclosed and discussed in Experimental Section V, 
One of the added discoveries we have made 
employing the DNA's of the invention is the remarkable 
sequence homology among the various hormone receptors , 
5 within one species r and, for any particular receptor, 
among species, (Sae for example. Pig. III-2 which 
compares the car boxy- terminal portions of the v-&ihrh 
oncogene product, the human placental c-zxhrh 
polypeptide, and the human glucocorticoid and estrogen 
10 receptors; Fig. XZX-6 which compares the steroid and 

thyroid hormone receptors; Fig. IV-3 which compares the 
amino acid homology between mineralocorticoid receptor 
and glucocorticoid receptor; Fig. IV-8 which shows the 
amino acid comparisons between hGR, hMR, and hPR 
15 structures; Fig* V-3 which compares the 

carboxy-terminal regions of hERRl, hERR2, the human 
estrogen and human glucocorticoid receptors; and Fig. 
V-5 which shows the amino acid comparison between 
hERRl, hERR2, hER and human thyroid hormone receptor, 
20 hT 3 R beta.) As a result of this homology the DNA's and 
RNA's of the invention can be used to probe for and 
isolate a gene from virtually any species coding for a 
hormone receptor which activates transcription by 
binding to chromatin DNA after complexing with hormone. 
25 By so using the DNA's and RNA's of the invention, 

especially the preferred DNA's that have been deposited 
with the ATCC for patent purposes, those skilled in the 
art, without undue experimentation, can screen genomic 
libraries to find other glucocorticoid, 
30 mineralocorticoid and thyroid hormone receptors which 
fall within the scope of the present invention. This 
aspect of the invention is illustrated by our discovery 
of estrogen-relatad receptors hERRl and hERR2 
Experimental Section V, especially subsection A. , 
35 introduction, and subsection B. , cDNA Clones for 

Receptor hERRl) , and rat thyroid receptor and human 
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thyroid receptors TR alpha f see Experimental Section 
VII, especially subsection C. , Isolation of a Second 
Thyroid Receptor DNA, and Fig. VII-1, parts A and B. ) 

DNA 1 s and sense strand RNA's of the invention 

5 can be employed/ in conjunction with the induction and 
protein production methods of the invention for 
example f to make large quantities of substantially pure 
receptor proteins. In addition, the substantially pure 
receptor proteins thus produced can be employed/ using 

10 well known techniques , in diagnostic assays to 

determine the presence of specific hormones in various 
body fluids and tissue samples. 

Further, the receptor proteins of the 
invention can be employed in screening for 

15 receptor-agonists and receptor-antagonists by using 
binding assays such as the one discussed in 
Experimental Section III for binding T3 to the receptor 
encoded by peAlOl, or in the "cis-trans" receptor 
functionality bioassay of the invention , which will be 

20 discussed below. 

Finally, because the receptor proteins of the 
invention can be produced in substantially pure form 
they can be crystallized/ and their structure can be 
determined by x-ray diffraction techniques. As will be 

25 apparent to those skilled in the art/ such 

determinations are very useful when engineering 
"synthetic" or modified receptor protein analogs. 

In addition to DNA 1 s and RNA's, and the novel 
receptor proteins produced thereby, the present 

30 invention discloses three general methods: one relates 
to a bioassay for determining the functionality of 
receptor proteins; the other two relate methods for 
inducing and controlling expression of genes whose 
transcription is activated by a hormone-receptor 

35 complex bound to chromatin DNA, Each of the three 
general methods will be discussed separately. 
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The new bioassay system for testing receptor 
functionality, which we refer to as the "cis-trans" 
bioassay system, utilizes two plasmids: an "expression" 
plasmid and a 'reporter" plasmid. According to the 
invention, the expression plasmid can be any plasmid 
capable of expressing a receptor DNA of the invention, 
or a mutant thereof, in a suitable receptor-negative 
host cell* Also according to the invention, the 
reporter plasmid can be any plasmid which contains an 
operative hormone responsive promoter/enhancer element, 
functionally linked to an operative reporter gene* (See 
the Definitions section of this Specification for an 
explanation of the terms used herein.) The plasmids 
pGMCAT and pGHCAT are examples of reporter plasmids 
which contain an operative hormone responsive 
promoter/enhancer element functionally linked to an 
operative reporter gene, and can therefore be used in 
the receptor functionality bioassay of the invention* 
In pGMCAT, the operative hormone responsive 
promoter/enhancer element is the MTV LTR; in pGHCAT it 
is functional portion of the growth hormone receptor. 
In both pGMCAT and GHCAT the operative reporter gene is 
the bacterial gene for chloramphenicol 
acetyltransf erase (CAT). 

In practicing the "cis-trans" receptor 
functionality bioassay of the invention, the expression 
plasmid and the reporter plasmid are cotransf ected into 
suitable receptor-negative host cells. The transf ected 
host cells are then cultured in the presence and 
absence of a hormone, or analog thereof, able to 
activate the hormone responsive promoter/enhancer 
element of the reporter plasmid. Next the transf ected 
and cultured host cells are monitored for induction 
(i.e., the presence) of the product of the reporter 
gene sequence. Finally, according to the invention, 
the expression and/or steroid binding-capacity of the 
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hormone receptor protein, or mutant thereof (coded for 
by the receptor DNA sequence on the expression plasmid 
and produced in the transfected and cultured host 
cells) , is measured, (£e£ Fig. II-l for a schematic 

* 5 drawing of this "cis-trans" bioassay system.) 

When using the "cis-trans 11 receptor 

* functionality bioassay system of the invention to 
determine the functionality of glucocorticoid or 
mineralocorticoid receptors, in preferred forms, 

10 plasmids will carry a selectable marker such as the amc 
gene. In addition, in preferred forms the reporter 
plasmids will have the wTV LTR or a functional portion 
of the growth hormone promoter as the hormone 
responsive promoter/enhancer element. MTV LTV is 

15 preferred because it is known that glucocorticoid 

hormones stimulate the rate of transcription of MTV DNA 
by increasing the efficiency of transcription 
initiation at a unique, site within the MTV LTR. 
Moreover, glucocorticoid receptors bind specifically to 

20 DNA sequences mapped within the MTV LTR, and thus can 
confer glucocorticoid responsiveness to a heterologous 
promoter. Experimental Section II, especially 

subsection C. (a) , Assay System and Experimental 
Design.) It is also known that mineralocorticoid 

25 receptor shows functional kinship with the 

glucocorticoid receptor, and that the DNA binding 
domain of hMR recognizes the MTV LTR. 
Experimental Section IV, especially subsection E. : 
Expression and Hormone Binding, and subsection F.: 

30 Transcriptional Activation) . Growth hormone promoter 
is preferred because its activation is responsive to 
binding by thyroid hormone-receptor complex. 

Preferred host cells for use with the 
"cis-trans" bioassay system of the invention are COS 

35 cells and CV-1 cells. Experimental Section II, 

subsection C. (a) Assay System and Experimental Design, 
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for use of the preferred host cells in the bioassay 
system of the present invention.) COS-1 (referred to 
as COS) cells are mouse kidney cells that express SV40 
T antigen (Tag); CV-1 do not express SV40 Tag. CV-1 
cell are convenient because they lack any endogenous 
glucocorticoid or miner alocorticoid or other known 
steroid or thyroid hormone receptors. Thus, via gene 
transfer with appropriate expression vectors , it is 
possible to convert these host cells from receptor 
negative to receptor positive. The presence of Tag in 
the COS-1 derivative lines allows the introduced 
expression plasmid to replicate and provides a relative 
increase in the amount of receptor produced during the 
assay period. 

Expression plasmids containing the SV40 origin 
of replication (ori) can propagate to high copy number 
in any host cell which expresses SV40 Tag. Thus our 
expression plasmids carrying the SV40 "ori* can 
replicate in COS cells, but not in CV-1 cells. Although 
the increased expression afforded by high copy number 
is desired, it is not critical to the disclosed 
bioassay system. The use of any particular cell line 
as a "host" is also not critical. The expression 
vectors are so efficient that, in our hands, the assay 
"has worked in all the hosts we have examined. CV-1 
cells are preferred only because they are particularly 
convenient for gene transfer studies and provide a 
sensitive and well-described host cell system. 

The "cis-trans" bioassay system is especially 
useful for determining whether a receptor DNA of the 
invention has been expressed in a transformed host 
cell; it is also useful in determining whether a 
receptor of the invention has at least about 10% of the 
binding activity of the corresponding naturally 
occurring cognate receptor, plus whether such a 
receptor has at least about 10% of the 



transcription-activating activity of the corresponding 
naturally occurring cognate receptor. 

Fig. II-l schematically illustrates use of the 
"cis-trans" receptor functionality bioassay system of 
the invention when used to determine the functionality 
of receptor polypeptides coded for by hGR cDNA. Details 
of the bioassay, and its effectiveness as a 
quantifiable bioassay system to test receptor 
functionality, are disclosed and discussed in 
Experimental Section II. (jSea especially, subsection 
P., Experimental Procedures, and subsection C. , (b) , 
Expression of Functional hGR. ) As that experimental 
section shows, in addition to the CAT enzymatic assay, 
which can be used to show activation of the hormone 
responsive promoter/enhancer element, Western blot 
analysis of the transfected host cells can be used to 
demonstrate synthesis of receptor polypeptides which 
are indistinguishable with respect to mobility from the 
cognate receptors used as controls. Moreover, by using 
the "cis-trans" bioassay system of the invention, 
activation of the receptors (produced in the 
transfected and cultured host cells) by specific 
hormones can also be examined, as can their 
hormone-binding capabilities and characteristics. As 
Experimental Section 11 demonstrates, when this was 
done for hER, it was shown that the hGR of the 
invention is functional and binds with glucocorticoid 
hormones with the same specificity and concentrations 
as does the cognate receptor. 

Finally, as stated in the Summary section, by 
using the DNA's of the invention we have discovered 
that a necessary and sufficient condition for 
activation of transcription of a gene (G) , whose 
transcription is activated by hormones complexed with 
receptors, is the presence of the hormone and its 
receptor in the cell (C) where (G) is located. (The 
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method by which hormone (H) and receptor (R) effect 
gene G f s transcription is not fully understood. 
However, it is believed that receptor (R) r when 
complexed with hormone (H) , binds to specific DNA 
sites, referred to in the art as "transcriptional 
control elements" or "DNA sequences which mediate 
transcriptional stimulation" , which are located on the 
chromatin near where gene (G) is located. This binding 
by the hormone/receptor, or (HJ/(R)r complex seems to 
act in a way not yet understood, as a hormone dependent 
"switch" that "turns on", or in some other manner 
activates, the promoter for gene (G) , and thus 
stimulates the transcription of the (G) gene.) 

Our discovery has enabled us to provide 
15 improved compositions and methods for producing desired 
proteins in genetically engineered cells. Two of these 
methods are methods of the present invention. The 
first is a method for inducing transcription of a gene 
whose transcription is activated by hormones complexed 
the receptors. The second is a method for engineering 
a cell and then increasing and controlling production 
of a protein encoded by a gene whose transcription is 
activated by hormones complexed with receptor proteins. 

Again, in discussing these two methods, a gene 
25 whose transcription is activated by hormones complexed 
with receptor proteins will be referred to as gene (G) . 
The hormone which activates gene (G) will be referred 
to as (H) , and any of its analogs as (aH) . Receptor 
protein will be referred to as (R) , and functional 
30 modifications thereof as (r). Finally, the cell where 
gene (G) is located will be referred to as (C) , and the 
protein coded for by gene (G) will be referred to as 
(P). 

According to the gene induction method of the 
35 invention, cell (C) , which contains gene (G) , is 

transformed by a DNA of the invention, which is capable 
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of being expressed in cell (C) and which codes for 
receptor (R) or a modified functional form (r) thereof; 
and the concentration of hormone (H) , or analog (aH) , 
in cell (C) is increased to a level at least sufficient 
to assure induction of expression of gene (G) . 

As we show in Experimental Section II, when we 
used the induction method of the invention/ to our 
great surprise r the presence of (H) and (R) in the cell 
(C) where gene (G) was located not only induced 
transcription of gene (G) but also increased production 
of protein (P) 500-1000 fold. This finding showed us 
that the induction method can be used to not only 
induce transcription, but to increase and control it as 
well* This finding also led us to develop our method 
for engineering a cell and then controlling production 
proteins (P) coded for by genes (G) whose transcription 
is activated by hormones complexed with receptors. This 
method will be discussed more fully below. 

Our induction method can also be used to 
increase and control production of protein (P) by 
simply adjusting the concentration of hormone (H) , or 
analog (aH) , available to cell (C) . (As those skilled 
in the art will understand, by transforming cell (C) 
with a DNA of the invention, an adequate supply of (R) 
or (r) can be assured in cell (C) so that lack of (R) 
or (r) will no longer be a limiting factor in the 
transcription of gene (G) . This being the case, by 
simply increasing the amount of (H) or (aH) in the 
culture solution, it will be possible to increase 
transcription of gene (G) and consequently the amount 
of protein (P) that is produced in (C) cells.) 

The induction method of our invention can be 
used to induce expression of any gene (G) that is under 
transcriptional control of a transcriptional control 
element activated by binding of a steroid or thyroid 
hormone receptor complexed with one of its hormones 



10 



WO 88/03168 _ 39 _ PCT/US87/02782 

(H) , or analogs (aH) thereof, as long as: (1), a DNA is 
available which codes for receptor (R) / or a functional 
modified form (r) thereof which has the 
transcription-activating properties of (R) ; (2), cell 
5 (C) is a cell that can be cultured; and (3), cell (C) 
can be transformed to express the (R)- or (r) -coding 
DNA needed to complex with hormone (H) or analog (aH) • 

Without undue experimentation those skilled in 
the art can use any of the deposited DNA's of the 
invention as probes to search genomic libraries for 
(R)- or (r) -coding DNA's which are not now available. 
Once found, these DNA v s , if expressible in the cell (C) 
where gene (G) is located, can be used to transform (C) 
cells* Methods for transforming cultured cells are 
15 well known and can be used by those skilled in the are 
without undue experimentation. Also without undue 
experimentation, those skilled in the art can determine 
what the base level of (H) is in cell (C) , if any is 
present, as well as what the concentration of (H) or 
(aH) must be in order to induce and control 
transcription of gene (G) , and thus production of 
protein (P) . The requisite concentrations of (H) can 
be supplied to transformed (C) cells by adding. (H) or 
(aH) to the culture solutions used to bath cultured (C) 
cells. 

We have taught that a necessary and sufficient 
condition for transcription of gene (G) is the presence 
of (H) or (aH) and (R) or (r) in the cell (C) where 
gene (G) is located, and that transcription of gene 
(G) , and therefore production of protein (P) , can be 
induced and controlled by simply increasing the amount 
of (H) or. (aH) in the culture solutions used to bath 
transformed (C) cells.. As those skilled in the art 
will appreciate, based on these teachings, it will now 
be possible to engineer cells so that production of a 
protein (P) , encoded by a gene (G) whose transcription 
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is activated by a hormone/receptor complex, is 
controlled by simply assuring the presence of hormone 
(H) and its receptor in cell (C) where gene (G) is 
located, and then controlling the concentration of 
5 hormone (H) or its analog that is present in cell (C) . 
This concept is the basis for the cell engineering and 
protein production method of our invention. 

According to our engineered cell and protein 
production method: (1), cell (C) is engineered to- 
10 contain gene (G) so that transcription of gene (G) is 
under the control of a transcriptional control element 
to which an appropriate hormone/receptor, (H)/(R), 
complex can bind, thereby activating transcription of 
gene (G) ; (2), cell (C) , which now contains gene (G) 
under the control of a transcriptional control element, 
is transformed by a DNA of the invention, which is 
capable of being expressed in cell (C) and which codes 
for receptor (R) or a modified functional form (r) 
thereof; and (3), finally the concentration of hormone 
(H) , or analog thereof, in cell (C) is adjusted so that 
the transcription of gene {G> is not only induced but 
effectively increased and controlled by increasing 
controlling the amount of hormone (H) that is available 
to cell (C) from the culture solution used to bath 
25 transformed (C) cells. By so increasing and 

controlling gene (G) 's transcription, production of 
protein (P) is also increased and controlled. 

As with the induction method, in our 
engineered cell and protein production method, both 
30 hormone (H) and receptor (R) are present in cell (C) . 
Again, as with the induction method, the presence of 
receptor (R) , or a functional modified form (r) thereof 
is assured by transforming cell (C) with a (R)- or 
(r) -coding DNA of the present invention. As stated 
35 above, methods for transforming cultured cells are well 
known and can be used by those skilled in the art 
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without undue experimentation* The presence of (H) , or 
its analog (aH) r is assured , and the concentration of 
(H) or (aH) is controlled r by simply bathing 
transformed (C) cells in bathing solutions which 
contain appropriate concentrations of (H) or (aH) . 
Appropriate concentration i.e., concentrations of (H) 
or (aH) needed to for cell (C) to produce a given 
amount of protein (P) can be determined in a given 
situation by those skilled in the art, without undue 
experimentation. 

Again, as those skilled in the art will 
understand, by transforming cell (C) with a DNA of the 
invention, an adequate supply of (R) or (r) can be 
assured in cell (C) so that lack of (R) or (r) will no 
longer be a limiting factor in the transcription of 
gene (G) . This being the case, by simply increasing 
the amount of (H) or (aH) in the culture solution, it 
will be possible to increase the amount of protein (P) 
that is produced in (C) cells. 

As was true with our induction method, the 
engineered cell and protein production method of bur 
invention can be used to control expression of any gene 
(G) that can be inserted into cell (C) so that it is 
under transcriptional control of a transcriptional 
control element activated by binding of a steroid or 
thyroid hormone receptor (R) complexed with one of its 
hormones (H) ) , or analogs thereof, as long as: (1), a 
DNA is available which codes to receptor (R) , or a 
functional modified form (r) thereof which has the 
transcription-activating properties of (R) ; (2) r cell 
(C) is a cell that can be cultured; and (3), -the (R)- 
or (r) -coding DNA is capable of being expressed in cell 
(C) where gene (G) is located. 

Again, without undue experimentation, those 
skilled in the art can use any of the deposited DNA's 
of the invention as probes to search genomic libraries 
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for (R) - or (r) -coding DNA sequences not now available. 
Once foundr these DNA 1 s, if expressible in cell (C) 
where gene (G) is located, can be used in the 
engineered protein production method of the present 

> invention. 

Also without undue experimentation/ those 
skilled in the art can determine what the base level of 
(H) is in cell (C) , if any is present, as well as what 
the concentration of (H) or (aH) must be in order to 

10 induce and control transcription of gene (G) , and thus 
production of protein (P) . The requisite concentration 
of (H) needed to assure the production of a desired 
amount of protein (P) can be supplied to transformed 
(C) cells by adding (H) or (aH) to the culture 

15 solutions used to bath cultured (C) cells. 

Various aspects of the present invention are 
further explained and exemplified in the seven 
experimental sections which follow. Experimental 
Section I relates to human glucocorticoid receptor. 

20 More specifically, that section discloses the primary 
structure of hGR cDNA, as well its expression into a 
polypeptide which is functionally indistinguishable 
from previously disclosed hGR proteins. Experimental 
Section II relates to functional domains of hGR. As 

25 that section discloses, GR contains at least four 
functional domains, two of which were expected and 
correspond to the predicted DNA- and steroid-binding 
domains, and two of which were not expected, and have 
potent effects on transcription. Experimental Section 

30 III relates to thyroid hormone receptor c-sxJa-A. As 
that section discloses, . c-s&hrh encodes a thyroid 
hormone receptor we now refer to as hTR alpha. Taken 
in conjunction with our unexpected discovery of a 
second thyroid hormone receptor (see Experimental 

35 Section VII), the data disclosed about c-erb in Section 
III will be extremely useful in gaining further 
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knowledge about thyroid receptor proteins. Experimental 
Section IV relates to human mineralocorticoid receptor, 
which we show has a structural and functional 
similarity to glucocorticoid receptor. Experimental 
Section V discloses a new and unexpected class of 
steroid hormone receptors we refer to as hERRl and 
hERR2. These receptors provide the first evidence for 
the existence of a novel steroid hormone system. In 
conjunction with our disclosure of a new "cis-trans" 
bioassay system r the new estrogen-related hERRl and 
hERR2 receptors will provide the basis for development 
of an assay system that will systematically lead to the 
identification of novel hormones. The identification 
of such novel systems is likely to have widespread 
physiologic and clinical significance* In Experimental 
Section VI we disclose some of our data relating to the 
sites in a rat thyroid receptor G-&xhr& -oligonucleotide 
which we found were necessary for T3 regulation. Such 
knowledge r taken in conjunction with Experimental III 
and our disclosure in Experimental Section VII of a new 
and unexpected thyroid hormone receptor that is linked 
to human chromosome 17 , will be useful in 
characterizing the thyroid receptor proteins. 

Without further elaboration, it is believed 
that one of ordinary skill in the art, can, using the 
preceding description, and the following Experimental 
sections, utilize the present invention to its fullest 
extent. The material disclosed in the experimental 
sections, unless otherwise indicated, is disclosed for 
illustrative purposes and therefore should not be 
construed as being limitive in any way of the appended 
claims. 



35 



WO 88/03168 



-44- 



PCT/US87/02782 



fiflPFRT MPTjrpftT ' fiBCTTOM I 
PRIMARY STRUCTURE AND EXPRESSION OP A 
FUNCTIONAL HUMAN GLUCOCORTICOID RECEPTOR CDNA 
5 t » snMMARV 

Here we report the complete amino-acid 
sequence of the human glucocorticoid receptor (hGR) , 
deduced from human lymphoid and fibroblast cDNA clones. 
The sequence reveals various structural features of the 
10 receptor, including the major immunogenic domain and a 
cysteine/arginine/lysine-rich region which may 
constitute a portion of the DNA-binding domain. We 
describe the use of the SP6 transcription vector system 
to generate analytical amounts of fullrlength protein, 
15 and demonstrate that the cell-free translated protein 
is both immunoreactive and possesses steroid-binding 
properties characteristic of the native glucocorticoid 
receptor. Weinberger, et al., (1985b) describes the 
homology of the hGR sequence to that of the oncogene 
20 v- erb -A. 

The glucocorticoid receptor is widely 
distributed and expressed in many cultured cell lines, 
and the control of gene expression by glucocorticoids, 

25 therefore, has been widely studied as a model for 
transcriptional regulation. A number of 
glucocorticoid-responsive transcription units, 
including mouse mammary tumor virus (MMTV) (Ringold, et 
al., 1975; Parks, et al., 1974), mouse and human 

30 metallothionein (Hager, et al., 1981; Karin, et al., 
1980), rat alpha 2 M-gl°bulin (Kurtz, et al., 1977) and 
rat and human growth hormone (Spindler, et al., 1982; 
Evans, et al., 1982; Robins, et al., 1982) genes have 
been identified. DNA sequences mediating 

35 transcriptional stimulation of several of these genes 
have been localized. For MMTV, these sequences are 
discrete genomic regions upstream of the 
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transcriptional start site which appear to exert their 
actions independently of orientation and position 
(Chandler, et al.r 1983; Ostrowski, et al., 1984). The 
steroid/receptor complex appears to bind to these 
regulatory sequences and purified receptor has been 
used to define the specific binding sites (Govinda, et 
al.r 1982; Scheidereit, et al.r 1983? Pfahl, 1982; 
Payvar r et al.r 1983). Based on the footprinting 
analyses of several responsive genes f a consensus DNA 
binding sequence, sharing the core sequence 5 1 TGT/CTCT 
3' has been proposed (Karin, et al.r 1984). 

The ability of the glucocorticoid-responsive 
element (GRE) to alter its position and orientation yet 
still maintain promoter inducibility suggests that it 
resembles the class of £i&-acting regulatory sequences 
termed enhancers {Chandler, et al.r 1983). First 
discovered in viruses and subsequently in cellular 
genes r these sequences are necessary for efficient 
transcription in vivo (Laimonis, et al. r 1982; Benoist, 
et al.r 1981; Baerjir et al.r 1983). It has been 
suggested that enhancers are recognized by transacting 
factors that mediate regulatory effects by 
tissue-specific transcriptional control. Although the 
enhancer factors have not been well characterized, the 
glucocorticoid receptor may serve as a paradigm for 
these putative gene activator proteins. 

The availability of radiolabeled high-affinity 
glucocorticoid analogues such as dexamethasone and 
triamcinolone acetonide has led to the development of 
purification strategies resulting in the isolation of 
nearly pure rat and human receptors (Simonsr et al. r 
1981; Gehringr et al., 1983). Although the receptor 
migrates as a dimer in sucrose gradients, analysis on 
denaturing SDS-polyacrylamide gels detects a single 
polypeptide of relative molecular mass (M t ) -94,000 
(94K) (Westpahl, et al. f 1982; Grange, et al., 1979). 
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The native polypeptide contains intrinsic specificity 
for steroid binding and DNA sequence recognition. By 
using as probes monoclonal and polyclonal antibodies 
5 raised against the purified rat and human receptors 
(Okret, et al.r 1981; Harmon, et al., 1984; Gametchu, 
et al., 1984), it has been possible to identify a major 
immunogenic region in the receptor residing on a 
portion of the molecule that is distinct from the 
steroid- and DNA-binding regions (Carlstedt-Duke, et 
al., 1982; Wrange, et al., 1984; Dellweg, et al., 
1982). To gain further information about the structure 
of this molecule and to begin an analysis of the 
molecular mechanisms by which it regulates gene 
transcription, we set out to clone receptor cDNA 
sequences. By using receptor-specific antibodies as 
probes, we and others have isolated clones containing 
human or rat glucocorticoid receptor cDNA inserts 
(Weinberger, et al., 1985a; Miesfeld, et al., 1984). 

t r. RE STILTS 
fn ) r.T.nmrn^ ymjn prpfipt'OR, cDNA 

A library of cDNA clones was constructed in 
the phage expression vector lambda gtll using poly (A) + 
RNA from the human lymphoid cell line IM-9 as template, 
as described previously (Weinberger, et al., 1985a). 
This library was initially screened with a rabbit 
polyclonal antiserum to the purified glucocorticoid 
receptor, resulting in the isolation of several 
iramunopositive candidate clones from "2.5 x 105 
plaques. The beta-galactosidase fusion proteins 
generated from these clones were used to 
affinity-purify receptor epi tope-specif ic antibody, 
which was subsequently recovered and identified by 
binding to protein blots of cellular extracts. Three 
clones containing inserts expressing antigenic 
determinants of the human glucocorticoid receptor were 
isolated. The inserts of these clones, although of 



20 



25 



30 



35 



WO 88/03168 



PCT/US87/02782 



different sizes, cross-hybridized, indicating that they 
contained a common sequence which presumably delimits 
the major immunogenic domain of the receptor. Together, 
these clones spanned 1*4 kilobase pairs (kbp) but were 

5 clearly not long enough to code for the entire 
receptor, which was estimated to require ~2,500 
nucleotides to encode a polypeptide of M t 94K. 

To isolate additional cDUA clones we again 
screened the original library and also examined a 

10 second library (given by H. Okayama) prepared with 
poly (A) + RNA from human fibroblasts in the vector 
described by Okayama. and Berg (1983) • Using one of the 
immunopositive cDNA inserts (hGRl.2) as probe, 12 
clones were isolated that, together, covered more than 

15 4.0 kbp. The nucleotide sequences of these clones were 
determined by the procedure of Maxam arid Gilbert (1977) 
according to the strategy indicated in Fig. I-l(A). 
RNA blot analysis indicated that a cDNA insert of .5-7 
kilobases (kb) would be necessary to obtain a 

20 full-length clone and sequence analysis indicated that 
the overlapping clones OB7 and hGRS.16 spanned an open 
reading frame of 720 amino acids, not large enough to 
encode the complete receptor. Therefore, a second 
human fibroblast cDNA library of ~2 x 10$ transf ormants 

25 was screened, yielding a clone (OB10) containing a 

large insert that extended 150 base pairs (bp) upstream 
of the putative translation initiation site (see Pig. 
I-l(A)). Sequence analysis predicts two protein forms, 
termed alpha and beta, which diverge at amino acid 727 

30 and contain additional distinct open reading frames of 
50 and 15 amino acids, respectively, at their carboxy 
termini (see Pig. I-l(B)). The alpha form, represented 
by clone OB7, is the predominant form of glucocorticoid 
receptor because eight cDNA clones isolated from 

35 various libraries contain this sequence. 
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LbJ ^HMA AWn PROTEIN SEQUENCES 

Figures I-2{1) and 1-2(2) show the 4,800- 
nucleotide sequence encoding the human alpha glucocor- 
ticoid receptor, determined using clones hGRl.2, 
hGR5.16, 0B7 and OB10. The translation initiation site 
was assigned to the methionine codon corresponding to 
nucleotides 133-135 because this is the first ATG trip- 
let that appears downstream from the in-frame termina- 
tor TGA (nucleotides 121-123). However, in the absence 

0 of amino-terminal peptide sequence information, une- 
quivocal determination of the initiation site is not 
yet possible. The codon specifying the lysine at 
position 777 is followed by the translation termination 
codon TGA. The remainder of the coding sequence is 

15 covered by multiple overlapping clones, with OB7 
containing a 4,3-kb insert that continues to the 
poly (A) addition site and OB10 containing the putative 
initiator methionine. The 3" regions of clones OB7 and 
OB10 diverge at nucleotide 2,314, as shown by both 

20 restriction endonuclease and uNA sequence analysis. At 
this junction, the alpha-receptor continues with a 
unique sequence encoding an additional 50 amino acids 
whereas the beta-receptor continues for only 15 
additional amino acids (Pig. 1-3 (B)). The 

25 3 '-untranslated region of OB7 is 2,325 nucleotides 

long, while that of OB10 is 1,433 nucleotides. There 
is no significant homology between these two regions, 
as indicated by direct sequence comparison (Figs. 
1-2(1), 1-2(2) and I-3(B)) or by hybridization analysis 

30 under stringent conditions (data not shown) . 

In addition, we have isolated from a human 
primary fibroblast library another cDNA clone, OB12 
(data not shown) , which contains sequences identical to 
OB7 but uses the polyadenylation signal at nucleotide 

35 3,101 (Figs. I-l(B) and 1-2(1) and 1-2(2)), giving rise 
to a shorter 3 '-untranslated region. Use of probes 
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specific for the 3 '-untranslated region of OB7 to 
screen a human placenta cDNA library reveals that most 
clones terminate at the first poly (A) site in 0B7* 
Thus, messenger RNA variation is the apparent conse- 
5 quence of both alternative polyadenylation and alterna- 
tive RNA splicing (see below) . The fact that the human 
fibroblast library contained both cDNA's suggests that 
both receptor forms may be present in the same cell. 

l£] aMAT.VfiTff OF ALPHA- AND BETA— RECEPTOR PROTEIN 

10 Sequence analysis reveals that the alpha and 

beta forms of the human glucocorticoid receptor are 777 
and 742 residues long, respectively; the two forms are 
identical up to residue 727, after which they diverge* 
To examine the receptor levels in vivo, cytoplasmic 

15 extracts from several human and mouse cell lines were 
probed by immunoblot analysis with a polyclonal 
antibody directed against the human glucocorticoid 
receptor (Harmon, 1984) • Alpha- and beta-receptor 
cDNA's were inserted into the SP6 transcription vector 

20 to create synthetic mRNA for in vitro translation (Pig* 
1-4 (A) ) • The RNA's were separately added to a rabbit 
reticulocyte lysate system and the unlabeled products 
analyzed by SDS-polyacrylamide gel electrophoresis 
(SDS-PAGE) • The two RNA's program the synthesis of 

25 distinct translation products whose migration 
differences are consistent with the predicted 
polypeptide lengths of the two forms (Fig, 1-4 (B) , 
lanes 2, 3) . Cytoplasmic extracts from untreated IM-9 
cells and IM-9 cells treated with 1 microM triamcino- 

30 lone acetonide serve as markers (Pig. 1-4 (B), lanes 
4,5) for the 94K receptor (the 79K form represents a 
putative receptor degradation product) (Wrange, et al», 
1984). Note that after steroid treatment, the intensity 
of the 94K band is reduced, corresponding to tighter 

35 receptor/chromatin binding and, therefore, receptor 
translocation to the nucleus. The alpha form 
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co-migrates with the 94K band of the negative receptor 
while the beta form migrates more rapidly (see Fig. 
1-4 (B)/ compare lanes 2,3 with lanes 4,5) . A 
comparison of cytoplasmic extracts from various human 
and mouse cell lines reveals the presence of only the 
alpha-receptor (see Fig. 1-4 (B), lanes 6-9). 
Interestingly, the mouse ADR 6 lymphoma cell line 
(Danielsen, et al., 1984), selected for resistance to 
steroid-induced lysis, contains no steroid-binding 
activity and shows no immunoreactive receptor (see Fig. 
I-4(B), lane 7). Therefore, based on characterization 
of multiple receptor cDNA clones and receptor protein 
by immunoblot analysis, we conclude that the 
predominant physiological form of the glucocorticoid 
receptor is the alpha (94K) species. 

LA) RyPPRfiSION HP hfiB IN VITRO 

To provide additional evidence that the cloned 
receptor is functional, we investigated the possibility 
that the in aJLtm-translated products might be able to 

20 selectively bind corticosteroids. Accordingly, the 
rabbit reticulocyte lysate was incubated with the 
radiolabeled synthetic glucocorticoid analogue 
3 H-triamcinolone acetonide ( 3 H-TA) before or after 
addition of in iiiiija-synthesized alpha or beta hGR RNA. 

25 As shown in Fig. 1-5, those lysates programmed with 
alpha-hGR RNA acquired selective steroid-binding 
capacity; unexpectedly, the beta-receptor synthesized 
in tro failed to bind competable 3 H-TA. The in 
yi tro -synthesized alpha-hGR bound radiolabeled steroid 

30 which could be competed with by addition of excess 

unlabeled Cortisol or dexamethasone; however, binding 
of 3 H-TA was not effectively competed with by addition 
of excess unlabeled oestrogen or testosterone. In 
contrast, excess progesterone constituted an effective 

35 competitor r consistent with the previously reported 
anti-glucocorticoid activities of progesterone 
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(Rousseau, et al., 1972). To confirm these results, 
the competition experiments were repeated with native 
glucocorticoid receptor prepared from extracts of human 
lymphoid cells. Both the in 2±fcm-translated receptor 
5 and the natural in vivo receptor have nearly identical 
properties with regard to steroid binding and 
competition with excess unlabeled steroid analogue (see 
Fig. 1-5). 

hGR SEnnEKTCBS MAP TO AT f.EAST TWO GENES 

10 The human glucocorticoid receptor gene has 

been functionally mapped to chromosome 5. Analysis of 
somatic cell hybrids constructed by fusing 
receptor-deficient mouse T cells (EL4) with human 
receptor-containing T cells (CEM-C7) indicated that 

15 segregants expressing the wild-type CEM-C7 receptor 
maintained human chromosome 5 while . 
dexamethasone-resistant segregants had lost this 
chromosome (Gehring, et al.., 1985). 

To confirm the authenticity of our cDNA 

20 clones, we mapped receptor cDNA sequences using Chinese 
hamster/human somatic cell hybrids containing only 
human chromosome 5 (HHW454) . DNA r s extracted from 
human placenta, HHW454 hybrid cells and Chinese hamster 
ovary (CHO) cells were digested with JLcqRI or aindlll 

25 restriction endonucleases and separated on a 0.8% 
agarose gel. DNA fragments transferred to 
nitrocellulose were probed with a portion of the 
receptor-coding region derived from nucleotides 
570-1,640 (See hGR1.2 in Fig. I-1{A)). In addition to 

30 CHO-specific EcaRI bands of 6.8 and 17 kbp, DNA from 

the hybrid cell line also contains human- specific bands 
of 3.0 and 5.0 kbp (see Pig. 6a f lanes 2, 3 of 
Hollenberg, et al., 1985). (The study disclosed herein 
as Experimental Section I was published as Hollenberg, 

35 et al., 1985. Figures 6 and 7 appear in the paper but 
not in the present specification.) Unexpectedly, a DNA 
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fragment of 9.5 kbp is found in total human DNA but not 
in the hybrid line (see Hollenberg, et al., 1985, Pig. 
6a, lane 1). Similarly, fliadlll digestion revealed a 

5 7.5 bkp band that is not present in the chromosome 5 
hybrid cell DNA (see Hollenberg, et al., 1985, Pig. 6a, 
lane 4). These results indicate that the receptor cDNA 
maps to human chromosome 5, but that there are 
additional receptor-related sequences elsewhere in the 

L0 genome. To map these sequences, we used a dual-laser 
fluorescence-activated cell sorter (FACS) to sort 
mitotic chromosome suspensions stained with 
DIPI/chromomycin in conjunction with Hoechst 33258 
chromomycin; this technique allows separation of the 24 

15 human chromosome types into 22 fractions (Lebo, et al., 
1984). After the chromosomes were sorted directly onto 
nitrocellulose, the chromosomal DNA was denatured and 
hybridized to the hGR cDNA probe. In addition to 
confirming the chromosome 5 localization, additional 

20 sequences were found on chromosome 16 (see Hollenberg, 
et al., 1985, Pig. 6b). To confirm this localization, 
DNA's from mouse erythroleukaemia cells and a mouse 
erythroleukaemia cell line containing human chromosome 
16 (see Bode, et al., 1981) were digested with fliadlll 

25 and probed with hGR cDNA (see Hollenberg, et al., 1985, 
Fig. 6c); as predicted, the only DNA fragment found in 
the hybrid and not in the control was the 7.5-kbp DNA 
fragment, thus establishing the chromosome 16 
assignment (see Hollenberg, et al., Pig. 6c, lanes 1, 

30 2). 

Additional Southern blot analyses using the 
RrnR T-xhai fragments from OB7 and OB10 3 '-untranslated 
regions revealed hybridization only to chromosome 5 
(data not shown) . We conclude that both the alpha- and 
35 beta-receptor cDNA's are probably encoded by a single 
gene on chromosome 5 and suggest that the two cDNA 
forms are generated by alternative splicing. In 
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addition, we conclude that another gene residing on 
human chromosome 16 contains homology to the 
glucocorticoid receptor gene, at least between 
5 nucleotides 570 and 1,640. It is not clear whether 
these sequences on chromosome 16 represent a related 
steroid receptor gene, a processed gene or pseudogene, 
or a gene that shares a common domain with the gene for 
the glucocorticoid receptor. Genomic cloning and DNA 
10 sequencing may provide the answer. 

To determine the size of the mRNA encoding the 
glucorcorticoid receptor, Northern blot hybridization 
(Bode, et al.r 1981} experiments were performed using 
cytoplasmic mRNA isolated from a human fibroblast cell 
15 line, HT1080. Using the hGRl.2 coding sequence as 
probe, multiple mRNA 1 s of 5.6, 6.1 and 7.1 kb were 
detected. Treatment of these cells with 
glucocorticoids for 24 h leads to a 2-3-fold reduction 
in receptor mRNA v s , suggesting a potential negative 
20 feedback regulation. 

•T- el, DISCUSSION 
Structural analysis of the glucocorticoid 
receptor is a prerequisite for gaining insight into the 
mechanisms by which this regulatory molecule exerts its 
25 effects on gene transcription. Here, we have presented 
the primary sequence of the human glucocorticoid 
receptor deduced from nucleotide sequence analysis of 
cDNA clones. 

Isolation of hGR cDNA's has revealed the 
30 existence of multiple mRNA 1 s encoding at least, two 
forms of the polypeptide. The predicted proteins 
differ at their carboxy termini by the substitution of 
50 amino acids in the case of alpha- hGR and 15 amino 
acids in the case of beta-hGR. The alpha 
35 glucocorticoid receptor is the major form identified in 
several human cell lines and cDNA libraries. However, 
a recent report by Northrop, et al. (1985) 
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characterizes two forms of the receptor in mouse 
lymphoid cells. The relationship of alpha- and 
beta-hGR to the mouse doublet species remains to be 
established. Also, the cellular distribution and 
potential function of beta-hGR are unclear, although it 
is possible that variant receptors are used for 
tissue-specific functions. We are now generating 
antisera to synthetic peptides specific for each human 
receptor form to elucidate their tissue-specific 
expression. 

Among the cDNA's selected using the 
immunopositive phage DNA insert hGRl . 2A as probe were 
those containing 3' ends similar to 0B7, except that 
polyadenylation was signaled earlier by the use of an 
AATAAA at nucleotide 3,101. These clones have been 
isolated from both human fibroblast and placental 
libraries (data not shown). Alternative poly (A) site 
selection is a feature of many eukaryotic transcription 
units (Darnell, 1982). In some instances, selection of 
poly (A) sites specifies particular polypeptide products 
(Amara, et al. , 1982; Rosenfeld, et al., 1983; Alt, et 
al.r 1980; Schwarzbauer, et al., 1983) while in other 
cases, alternative poly (A) site selection produces no 
change in the primary structure of the polypeptide 
(Setzer, et al., 1982) while in other cases, 
alternative poly (A) site selection produces no change 
in the primary structure of the polypeptide (Setzer, et 
al.r 1982). The selection of poly (A) sites during 
receptor transcription may (1) alter the stability of 
the mRNA in a particular tissue, (2) lead to splicing 
changes, or (3) be random, with no physiological 
consequence. 

The in yifcro translation studies described 
here provide direct evidence that the cloned molecule 
encodes the complete glucocorticoid receptor. First, 
the in gjfcEfl -tianslated product is identical in size to 
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the native glucocorticoid receptor and is 
immunologically reactive with receptor-specific 
antiserum* Second r the in JLLfcr£-translated protein 
acts functionally as a glucocorticoid receptor in that 
5 it is capable of selectively binding the synthetic 

glucocorticoid triamcinolone acetonide. This binding 
is specifically competed with by glucocorticoids r 
glucocorticoid analogues and progesterone but is not 
competed with by the sex steroids testosterone and 
10 oestrogen. In this respect, the in vitro- translated 
receptor behaves identically to the in vivo receptor 
from human lymphoid cells f providing the first evidence 
of a function for the cloned molecule. The acquisition 
of steroid-binding properties does not appear to 
15 require any specific modifications or , if it does f 
these modifications can occur iri the in vitro 
translation mix. 

The results presented here provide the 
information necessary for studying the molecular 
?0 interactions of a eukaryotic transcriptional regulatory 
protein with its target genes. These structural 
studies provide a basis from which the glucocorticoid 
receptor , its gene, and its RNA products can be 
analyzed. Furthermore/ the ability to express receptor 
25 in vitro provides a novel means by which the 

consequence of specific in vitro mutagenesis can be 
rapidly tested. Finally, the isolation of genes 
responsive to glucocorticoids and specific regulatory 
elements by both mutagenic and protein-binding studies 
30 suggests that this protein can serve as -a very useful 
model for analysis of inducible eukaryotic gene 
regulation. 

T- EL. DETAILED DESCRIPTION OF FIBRE S REFERRED 
TO m EXPERIMENTAL SECTION V 

35 FTfinRE T-1 (A) and fB) - 

Human glucocorticoid receptor cDNA sequencing 
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strategy and schematic representation of cDNA clones. 
A, the composite cDNA for the alpha glucocorticoid 
receptor is represented at the top, with noncoding 
(lines) and coding (stippled portion) sequences 

5 indicated. Common 6-nucleotide restriction enzyme 
sites are shown. Overlapping cDNA inserts used to 
determine the sequence are shown: arrows beneath the 
regions sequenced show the direction and extent of 
sequencing. The dashed line at the 3' end of OB10 

10 indicates divergent sequence. Numbers refer to 

nucleotide positions in OB10 relative to the 5' -most 
transcribed sequence. B f cDNA's encoding the alpha and 
beta forms of the receptor (OB7 and OB10, 
respectively). The 5" end of OB7 (broken lines) is 

15 contributed by the OB10 clone. Protein-coding 

information is represented by wide bars; untranslated 
sequences are indicated by thin bars. Nucleotides and 
amino acids are numbered above and below the coding 
sequence, respectively. Common DNA sequences extend to 

20 nucleotide 2,313 (amino-acid residue 727), at which 

point the alpha- and beta-receptor forms diverge, with 
the alpha cDNA's (OB12, 0B7) continuing in an open 
reading frame for 150 nucleotides (50 amino acids) and 
the beta cDNA (OB10) continuing for 45 nucleotides (15 

25 amino acids; see Pig. 1-3 (B) ) . Hexanucleotide signals 
(A AT AAA) just upstream of the poly (A) in the clones are 
indicated, with the first hexanucleotide in OB7 serving 
as poly (A) in OB12. 
PTflHRR T-1 (A) and CBJ METHODS 

30 The inserts hGRl.2, hGR2.9 and hGR5.16 were 

isolated from a lambda gtll IM-9 lymphoid cell cDNA 
library as described previously (Weinberger, et al., 
1985) . Two clones were isolated from cDNA libraries 
constructed by H. Okayama in pcu (Okayama, et al., 

35 1983) using poly (A) + raRNA from GM637 human fibroblasts 
(OB7) and primary human fibroblasts (OB10) . Screening 
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was performed with the hGR1.2-cDNA f radiolabeled by 
nick-translation with 32p-dCTP. Sequences were 
determined by the chemical cleavage method of Maxam and 
Gilbert (1977) • 

5 FTttPRB m and L23 - 

cDNA and predicted protein sequence of human 
glucocorticoid receptor. The complete alpha coding 
sequence and 0B7 3 '-untranslated region are shown, with 
the deduced amino acids given above the long open 
10 reading frame. An upstream in-frame stop codon at 
nucleotides 121-123 and putative additional 
polyadenylation signals in 0B7 are underlined. 

FIGURE T-3 (A\ and fBl . 

Restriction map and nucleotide sequence of the 
15 3 1 end of the human glucocorticoid receptor beta cDNA. 
A, The common 6-nucleotide restriction enzyme sites are 
shown for the 3 '-untranslated region of OB10. B, The 
cDNA sequence of the beta form (OB10) from nucleotide 
2,281 to 3,820 compared with the protein-coding 
20 information found in the 3 '-terminal coding portion of 
the alpha form (OB7). Amino acids encoded by each of 
the cDNA's are presented above the nucleotide 
sequences. Putative polyadenylation signals (AATAAA) 
in the 3 1 -untranslated sequence of OB10 are underlined. 

25 PTCTRE T-A fA^ and fttl - 

Immunoblot comparison of hGR translated in 
vitro with in vivo hGR from cell extracts. A, The 
vectors constructed for in vitro transcription of the 
hGR cDNA sequence. The complete alpha (pGR107) and 

30 beta (pGR108) coding sequences were placed under the 
transcriptional control of the SP6 promoter in pGEMl. 
Vector sequences, noncoding cDNA sequences and coding 
sequences are indicated by thin lines/ thick bars and 
boxed regions f respectively. The poly (A) tract of "60 

35 nucleotides is indicated by Ap^. Divergent coding 
sequences are indicated by striped and stippled 
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regions. B, Western blot analysis of in v i tro 
translation products and cell extracts. Unlabeled 
translation products synthesized in a rabbit 
reticulocyte lysate system with no added RNA (lane 1) 

5 or with RNA synthesized from pGRl08 (beta, lane 2) or 
pGR107 (alpha, lane 3) were fractionated on a 7.5% 
SDS-polyacrylamide gel. Additional lanes are: 
cytoplasmic extracts from IM-9 (lane 4) , IM-9 treated 
with 1 microM triamcinolone acetonide (lane 5) , HeLa 

10 (lane 6), ADR6 .M1890.AD1 mouse lymphoma (lane 7), S49 
mouse lymphoma (lane 8) and EL 4 lymphoma (lane 9) . 
Proteins were transferred to nitrocellulose and probed 
with anti-hGR antibody, followed by 125i_i a beled 
gt-a phyinmnniis aureus protein A as described previously 

15 (Weinberger, et al., 1985). 

PTfSHRR T-4 (A \ *nH IK) METHODS. 

To construct an expression vector containing 
the entire alpha coding sequence shown in Pigs. 1-2(1) 
and 1-2(2), the 3' coding sequence of OB7 was fused to 

20 OB10 5' coding information. 0B7 was partially digested 
with Eco RI. completely digested with ibal, and the 
1.20-kbp fragment was gel -purified and ligated with 
E_caRI/XbaI -digested OB10 to produce the intermediate 
pOB107. The entire pOBl07 cDNA sequence including the 

25 5' poly(G) tract (11 nucleotides, nt) and 3 1 poly (A) 
tract ("60 nt) was excised by partial £s£l/coraplete 
EamHI digestion. The resultant 3.5-kb fragment was 
gel-purified and inserted between the £atl and fiamHI 
sites of pGEMl (Pr omega Biotec) to yield pGR107. 

30 Plasmid pGRl08 was directly constructed from pOBlO by 
partial Pst i /complete fiamHI digestion and insertion of 
the resulting cDNA insert into the corresponding sties 
of pGEMl. Capped SP6 transcripts were synthesized from 
Pvuil-linearized pGRl07 and pGR108, as described by 

35 Krieg and Melton (1984), with simultaneous capping 

effected by reduction of the GTP concentration from 400 
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to 100 microM and addition of mTGppG (Pharmacia) to 500 
microM. Transcripts were purified by P60 
chromatography and translated with micrococcal 
nuclease-treated rabbit reticulocyte lysate (Promega 
Biotec) in conditions suggested by the manufacturer. 
Preparation of IM-9 cytosol from steroid-treated cells 
was as described previously (Weinberger, et al., 1985). 
Size markers are phosphorylase B (97K) , bovine serum 
albumin ($6K) and ovalbumin (45K) . ■ 

PTCTTRP. T-5. 

Steroid-binding of alpha-hGR translated ia 
7<<ro . Binding to IM-9 cytosol extract (stippled bars) 
and to reticulocyte lysate containing SP6-generated 
alpha-hGR RNA (GR107; open bars) are shown. Bars 
represent bound 3H-triamcinolone acetonide (TA) 
determined with a 100-fold excess of various steroid 
competitors^ 100% competition was determined using 
unlabeled TA as competitor. The values represent the 
mean of triplicate determinations , with error bars 
showing P<0.05. Steroid competitors are dexamethasone 
(Dex), Cortisol (Cort) , progesterone (Prog), 
testosterone (Test) , and oestradiol (Oest) . 

PTftTTPF. T-5 METHODS. 

Binding assays were performed in 100 
microliters containing 10 mM Tris-HCl pH 7.4, 100 mM 
NaCl, 1 mM EDTA, 10 mM sodium molybdate, 10 
dithioth.reitol, 15o' mM 3fl-TA (20 Ci mmol -1 ; Amersham) 
and 10 microliters translation mixture or 100 microgram 
fresh IM-9 cytosol. Unlabeled steroid competitor (15 
microM) was added as indicated. After 2 h at ooc, 
samples were extracted twice for 5 min. each with 5 
microliter of 50% dextran-coated charcoal to remove 
unbound steroid, and counted. Uncompeted and fully 
35 competed values for the alpha glucocorticoid receptor 
(GR107) were 490 and 290 c.p.m. , respectively. 
Reticulocyte lysate translation mixtures without added 
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transcript or programmed with beta-receptor SP6 RNA 
(GR108) contained no competable 3H-TA binding. 
annTTTDNAT. ptoses. 

The scientific study presented here as 
Experimental Section I was published in Nature , 
318:635-641 (1985). The Nature publication contain two 
Figures which are not included in this Experimental 
section. Those figures are: Figure 6, Chromosome 
mapping analysis of hGR cDNA; Figure 7, Northern blot 
analysis of hGR cDNA. 
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flVPPPTMEMTAT. SECTION II 
FUNCTIONAL DOMAINS OP THE 
HUMAN GLUCOCORTICOID RECEPTOR 
TT ■ E SUMMARY 

Human glucocorticoid receptor (hGR) produced 
in CV-1 cells via transfection of an hGR expression 
vector functions as a necessary and sufficient factor 
for the transcriptional activation of the MTV-CAT 
fusion gene. The magnitude of the induction (500-1000 
fold) reveals that the hGR may act as a transcriptional 
-switch", converting a silent promoter containing a 
glucocorticoid response element to an activated state. 
Stimulation of transcription of the MTV-CAT gene fusion 
15 by hGR is not dependent on transcriptional factors that 
are limiting in CV-1 cells. Characterization of 27 
insertional mutants of the hGR allowed the location of 
at least four functional domains, two of which 
correspond to the predicted DNA- and steroid-binding 
20 domains. The other two domains are referred to as tau 
for their potent effects on transcription. This raises 
the possibility that other regions in the receptor are 
necessary for full transcriptional activation but are 
not specifically involved in steroid or DNA binding. 
25 TT *- TMTpnnncTlON 

The primary structure of two classes of 
steroid hormone receptors have been elucidated by 
cloning and sequencing of their cDNA. As Experimental 
Section I discloses, identification of cDNA's encoding 
30 the human glucocorticoid receptor (hGR) revealed two 
forms of the protein, of 777 (alpha) and 742 (beta) 
amino acids, which differ at their carboxyl termini. 
(The Experimental Section I disclosure has been 
published as Hollenberg, et al., 1985.) The human 
35 estrogen receptor is a somewhat smaller protein of 595 
amino acids (Greene, et al., 1986; Green, et al., 
1986) . Amino acid sequence comparisons revealed 
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extensive regions of homology not only between the two 
classes of receptors but also with the v-£iJi-A oncogene 
product of avian erythroblastosis virus (Weinberger, et 
5 al . , 1985; Greene, et al. r 1986; Green, et. ah, 1986). 
This supports the suggestion that steroid receptor 
genes and the c -erb -A proto-oncogene are derived from a 
common primordial ancestral regulatory gene 
(Weinberger, et al., 1985). 
10 On the basis of the amino acid sequence of hGR 

deduced from the cloned cDNA (see Experimental Section 
I) , the locations of functionally and immunologically 
important regions of the protein have been proposed 
(Weinberger, et al., 1985). These include an 
15 immunological domain located in the amino-terminal half 
of the protein, a DNA-binding domain that shows 
structural similarities with other DNA-binding 
proteins, and the glucocorticoid-binding site localized 
near the carboxyl terminus of the molecule. However, 
20 the location of each domain is tentative, and no domain 
involved in the activation of transcription itself has 
been identified. In this study, we sought to confirm 
the proposed sites of the functional domains within the 
hGR and to find other regions of importance by 
25 introducing amino acid alterations in the hGR protein. 
We first developed a novel expression system in monkey 
kidney cells in which the synthesis of functional hGR 
is directed by the transcription of the cDNA under the 
control of the long terminal repeat (LTR) of the Rous 
30 sarcoma virus (RSV) . The functions of the synthesized 
receptor were monitored by the induction of 
transcription of the mouse mammary tumor virus (MTV) 
LTR as measured by chloramphenicol acetyltransf erase 
(CAT) assays (Gorman, et al., 1982a) and steroid 
35 hormone binding. This new expression system allowed us 
to investigate the effect of insertional mutagenesis on 
the various functions of the receptor , which led us to 
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propose a more detailed model of the domain structure 
of the hGR. Our results, based on the analysis of 27 
insettional mutations, confirm the notion that the 
5 glucocorticoid receptor is composed of discrete 
functional domains (Weinberger, et al., 1985). In 
addition, they identify additional sequences outside 
the proposed DNA- and steroid-binding domains, which, 
as stated above, we refer to as tau for their potent 
10 effects on transcription. 

TT i r - hbstit.tb 
f n j ft f . cav cvfiTF " EXPERIMENTAL DESIGN 

The assay system and strategy used to study 
the expression of functional hGR from the cloned cDNA 
15 (See Experimental Section I) is shown in Figure II-l. 
In these experiments, a glucocorticoid-responsive 
promoter/enhancer element linked to a reporter gene was 
introduced into a receptor-negative cell. Thus, in 
principle, this construction should be 
20 transcriptionally inactive. For our assay, we chose to 
use the MTV LTR fused to the sequence coding for 
chloramphenicol acetyltransf erase (CAT) (EC2.3.1.28) . 
It has been demonstrated previously that glucocorticoid 
hormones stimulate the rate of transcription of MTV DNA 
25 (Ringold, et al., 1977) by increasing the efficiency of 
transcription initiation at a unique site within the 
MTV LTR (Ucker, et al., 1983). Moreover, 
glucocorticoid receptors bind specifically to DNA 
sequences mapped within the MTV LTR (Payvar, et al., 
30 1983), which can confer glucocorticoid responsiveness 
to a heterologous promoter (Chandler, et al., 1983). 
Cotransfection of pMTVCAT (or pGMCAT ) with a receptor 
expression plasmid provides functional receptors that 
allow induction of CAT activity upon treatment of the 
35 transfected cells with glucocorticoid hormone. In 
addition, biochemical studies such as steroid binding 
activity and Western blot analysis of the expressed 
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receptors can be performed simultaneously. 

The expression vector linking the RSV LTR to 
full length hGR cDNA (pRShGR alpha) was designed to 

5 obtain high levels of expression in a wide range of 
host cell types. The vector pRShGR alpha is a 
derivative of pRSVCAT (Gorman, et al. r 1982b) in which 
the coding sequence of the CAT gene was replaced by the 
hGR cDNA. The origin of replication of SV40 was 

10 introduced into the vector to allow the recombinant 
plasmid to propagate to high copy numbers in COS-1 
(referred to as COS) monkey kidney cells that express T 
antigen (Tag) (Gluzroan, 1981). COS cells and parental 
cell line CV-1 offer the additional advantage of having 

!5 undetectable levels of glucocorticoid receptors 

(unpublished observation and Figures II-2 and II-3) . 

fhl EXPftPRfiTDM OF rnTJCTTONAt, hGR 

The above assay was designed to overcome some 
of the major difficulties encountered in studying the 
20 mechanisms of action of steroid hormone receptors. 

These difficulties include low intracellular levels of 
receptor, possible heterogeneity of receptors, and lack 
of a quantifiable bioassay system to test receptor 
functions. Accordingly, we first looked at the 
25 relative amount of hGR that could be made by COS cells 
transfected with pRShGR alpha. Figure II-2 (right 
lane) , a Western blot analysis of transfected COS 
cells, demonstrates that COS cells synthesized an hGR 
polypeptide of 94 kd that is indistinguishable with 
30 respect to mobility from the hGR present in the IM9 
cell line (left lane). Moreover, the amount of hGR 
present in transiently transfected COS cells is greater 
than the level found in IM9 cells, which contain 
between 100,000-200,000 receptors per cell (Harmon, et 
35 al., 1984). This expression system not only provides 
us with cells carrying high intracellular levels of 
hGR, but eliminates the possibility of receptor 
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microheterogeneity, which could interfere in the 
functional study of hGR. 

To test the functional capability of the 

5 expressed hGR as a positive transcriptional factor , we 
performed CAT assays with cell extracts obtained after 
cotransfection with pHTVCAT and pRShGR alpha. 
Transfection into both COS and the parental CV-1 cells 
was examined. As expected (Alwine, 1985) , the presence 

10 of SV40 Tag in COS cells increased basal activity of 
the MTV LTR (data not shown). Thus, CV-1 cells, which 
do not express the SV40 Tag, were used to achieve 
maximal induction. As shown in Figure II-3, 
„«». TA n**»*-M ot> r>MTVCAT with a control plasmid does 

15 not generate CAT activity in CV-1 cells. Similarly, 
cotransfection of pMTVCAT and pRShGR alpha does not 
produce any CAT activity. However, treatment of the 
same cotransf ected CV-1 cells with dexamethasone (DEX) 
turns on the transcription of the MTV-CAT fusion gene. 

20 The induction factor is very large (approximately 
500-1000 fold) since basal levels of CAT activity 
produced by pMTVCAT are barely detectible (often zero) 
in CV-1 cells. As a control experiment, we 
cotransfected the beta form of the hGR (see 

25 Experimental Section I), which was shown to be unable 
to bind steroids. (see Table II-l) . Figure II-3 
demonstrates that hGR beta is not functional in our 
expression assay. . The activation of transcription by 
hGR is also restricted to promoters containing a 

30 glucocorticoid-responsive element. When pMTVCAT was 
substituted for pMTIaCAT, a plasmid containing the 
regulatory region of the human metallothionein la gene, 
which is responsive to heavy metals but not to 
glucocorticoids, no induction of CAT activity was 

35 observed after hormonal treatment of the transfected 
CV-1 (data not shown) . These results demonstrate that 
in cells the hGR acts as a necessary and sufficient 
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f actor that functions as a steroid-dependent 
transcriptional switch. 

Based on this assay, the activation of the 
receptor by steroids could be examined. As shown in 

5 Figure 1 1-4 (A) , DEX exhibits an ED50 value of 3 nM on 
hGR-induced CAT activity , which is in agreement with 
ED50 values observed for DEX (5 nM) in a variety of 
psychological actions. Specificity of hGR action was 
further tested by treating cotransf ected CV-1 cells 

10 with 100 nM testosterone, oestradiolr and progesterone. 
These steroids failed to induce CAT activity with the 
excepcxon or progescerone, wmcn stimulacea ntiR 
function at a value of 1% of the maximal induction 
produced by DEX (data not shown) . These results 

15 indicate that transfected CV-1 cells synthesize 

functional hGR that interacts with pharmacological 
ligands with the specificity and concentrations of the 
natural receptor. 

Studies on specific interaction between 

20 enhancer-containing molecules and cellular components 
have shown that CV-1 cells contain limiting amounts of 
cellular factors required for the function of certain 
viral enhancers (Scholer and Gruss, 1984) . In those 
cells, CAT activity generated by transfected pSV2CAT 

25 (Gorman, et al. r 1982a) reaches a plateau at 0.3 pmol 
of plasraid per dish. Similarly, if the hGR interacts 
with limiting factors, we should be able to saturate 
the CAT activity induced by transfection of increasing 
amounts of pRShGR alpha with a constant quantity of 

30 pMTVCAT. In this experiment, 2 pmol (5 micrograms) of 
pMTVCAT DNA was used and increasing amounts of pRShGR 
alpha DNA were added, together with nonspecific carrier 
DNA, to yield a total of 30 micrograms per dish. Figure 
II-4(B) demonstrates that CAT activity could be 

35 detected when as little as 0.03 pmol (100 ng) of pRShGR 
alpha per dish was transfected and that no plateau in 
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CAT activity was reached. These data suggest that 
stimulation of transcription of the MTV-CAT fusion gene 
by hGR is not dependent on transcriptional factors that 
are limiting in CV-1 cells. 
f»i BAEBlflfi "p pnwr r TnMftT - TN hGR 

Understanding the mechanisms by which hGR 
regulates gene transcription first required the 
characterization of its functional domains. Based on 
limited proteolysis studies of the glucocorticoid 
receptor (Carlsdedt-Duke, 1982; Dellweg, et al., 1982; 
Wrange, et al., 1984; Reichman, et al., 1984) and on 
the analysis of the primary structure of the hGR (see 
, v?B H^ n t»l Section 1) , a model for the structure of 
the receptor has been proposed (Weinberger, et al., 
1985). This model identifies three major domains - an 
immunological domain spanning from amino acid 145 to 
280, a DNA-binding domain extending from amino acids 
421 to 481, and a steroid-binding domain, located near 
the carboxyl terminus of the protein. To test this 
model, we generated 27 site-specific insertional 
mutations in the glucocorticoid receptor coding 
sequence via a linker-scanning approach. These 
genetically engineered mutants were then assayed for 
their ability to stimulate gene transcription and to 

bind steroid hormone. 

To generate linker-insertion mutants of the 
hGR, the plasmid pRShGR alpha was first linearized by 
partial cleavage using a restriction enzyme that 
cleaves DMA molecules with high frequency. The linear 
form of the plasmid was isolated and a' fiamHI linker was 
added to restore the open reading frame encoding the 
hGR. The resulting mutants carry three or four 
additional amino acids, which disrupt the wild-type 
sequence of the protein. Using this technique, we have 
generated a random series of hGR mutants (Figure 11-5) . 
The ability of these mutants to express full-length hGR 
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was estimated by Western blot analysis. The amounts of 
hGR produced were shown not to vary by mote than 30%, 
and thus none of the mutants appear to destabilize the 
expressed protein. 

The functional properties of each mutant are 
compared with that of the wild-type hGR in Table IX-1. 
CAT activity induced by 12 out of 27 hGR mutants was 
comparable with wild-type level. Analysis of the 15 
hGR mutants having a diminished or a complete loss of 
function, as assayed by induction of CAT activity, 
shows that they belong to four separate groups. A 
cluster of these mutants located between amino acids 
120 ana ^is xn cue dt/- caixeu i<.aiiuiiuaciiiv ^w«*.— 
15 the first group. Although no specific function has 
been assigned to this region of the receptor molecule, 
three mutants (1120, 1204, and 1214) show decreased 
capacity to induce CAT activity. Those mutants 
retained their full ability to bind steroids. 

Perhaps not surprisingly, the second group of 
defective mutants is found in the putaive DNA-binding 
domain of the receptor. This domain is cysteine-rich 
and consists of two repeat units of about 25 amino 
acids each, which could fold into a loop structure 
coordinated by a Zn 2+ ligand (Miller, et al., 1985). In 
mutant 1422, the sequence motif Cys-X2-Cys is changed 
to Cys-Xs-Cys. The presence of the additional amino 
acids completely abolishes receptor function. Mutant 
1440 bears a similar insertion of four amino acids 
between the two other cysteines involved in the 
formation of the first loop and also fails to induce 
any detectable level of CAT activity. On the other 
hand, mutant 1428 extends the length of the loop 
itself, from 13 to 17 amino acids. Although severely 
35 diminished, induction of CAT activity by 1428 is still 
measurable. Steroid-binding capacity of all three 
mutants located in the DNA-binding domain was shown to 
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be in the range of wild-type level. The third region 
affected by the mutations is located next to the 
DNA-binding domain. Mutants 1488 and 1490 show low 
levels of CAT activity but bind steroid efficiently. 
The fourth group covers the last 200 amino acids of the 
receptor protein. Five mutants (1582, 1589, 1599, 
1626, and 1696) show undetectable levels of CAT 
activity. This lack of functional activity is 
correlated with their total incapacity to bind 
dexamethasone. These results show that the 
steroid-binding region encompasses a large portion of 
the protein, all clustered near the C terminus. In 
... ... lv, t-orwiflne of the molecule f this 

region is extremely sensitive to changes in the primary 
structure of the receptor. 
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CV-1 or COS cells were transfected with pRShGR alpha , 
pRShGR beta r or a mutated hGR alpha and assayed for CAT 
activity and steroid-binding capacity. After 
transfection, CV-1 cells were cultured for 2 days in 
the presence of 10 nM DEX before cell lysis and CAT 
assay; COS cells were maintained in normal media. The 
two parameters are quantified as percentage (%) of 
wild-type hGR activity. Amino acids inserted in hGR 
alpha are given in the one-letter code. NT means not 
tested. Differences in amino acid composition between 
hGR alpha and hGR beta are represented in Figure II-5 
and in Experimental Section I. 

TT. P. DTSCOSSION 

We have shown that hGR produced in CV-1 cells 
via transfection of an hGR expression vector functions 
as a necessary and sufficient factor for the 
transcriptional activation of the MTR-CAT fusion gene. 
The magnitude of the induction reveals the hGR may act 
as a transcriptional "switch" , which can convert a 
silent promoter containing a glucocorticoid response 
element to an activated state. Unlike other 
transcriptional factors that are constitutively active f 
stimulation of transcription by hGR is totally 
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dependent upon the presence of glucocorticoid hormones 
(Figures II-3 and II-4(A)). The production of an 
excessive quantity of the protein within a cell is not 
sufficient to induce transcription of a regulated gene. 
The mechanism by which hGR is activated by the hormone 
is poorly understood but, in analogy with the cyclic 
AMP-binding protein, is likely to involve allosteric 
transitions within the protein (McKay and Steitz, 1981; 
Gages and Adhya, 1985). 

We have observed that activation of 
transcription by hGR is not restricted by factors 

II-4(B)). These results suggest that the binding of 
hGR-steroid complex to a glucocorticoid-responsive 
enhancer is sufficient to increase the activity of 
general transcriptional factors at nearby promoters. 
Similar properties for several other transcriptional 
factors have been reported. For example, Adfl, a 
transcription factor that activates the proximal 
promoter of the alcohol dehydrogenase (Adh) gene in 
npi anngastgr . binds the Adh template DNA in the absence 
of other protein factors and requires only endogenous 
RNA polymerase Ii and a fraction containing another 
general transcription factor to activate initiation of 
25 Adh RNA synthesis (Heberlein, et al., 1985). In a 
different type of experiment using the recombinant 
plasmid pSV2CAT, which contains SV40 enhancer/promoter 
elements, Scholer and Gruss (1984) have shown a 
requirement of a cellular molecule (s) for the function 
of enhancer-containing DNA. Their experiments 
indicated the presence of a limited amount of cellular 
factor (s) required for the activation of the CAT gene 
by the SV4 0 enhancer element. However, no exhaustion 
of general transcriptional factors was observed. These 
data suggest that the mechanism of action of specific 
positive transcriptional factors is likely to involve 
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alterations in chromatin structure induced by the 
factor itself that would facilitate the activity of 
general transcription factors or the polymerase itself 
(Moreau, et al., 1981; Wasylyk, et al., 1983). it has 
been previously shown that glucocorticoid treatment 
causes both reversible and persistent changes in 
chromatin structure in DNA regions containing a segment 
of the MTV LTR (Zaret and Yamamoto, 1984). The 
mechanism by which bound receptors protentiate promoter 
activity remains to be completely elucidated. However, 
the availability of a system that overexpresses hGR 
will facilitate the future studies on the molecular 
basis of transcription activation by positive 
15 transcriptional factors. 

The results of the characterization of the 27 
insertional mutants supports and extends our previous 
suggestion that the human glucocorticoid receptor is 
composed of a series of functional domains. It is 
noteworthy that all mutants that affect steroid binding 
are clustered at the carboxyl terminus. In addition to 
suggesting that this region functions as a discrete 
domain encoding hormone specificity, the results imply 
the possibility that the other domains identified 
25 within the receptor may serve discrete functions. 

Accordingly, the ability of the receptor to recognize 
and to interact with specific DNA sequences appears to 
reside in the Cys-Lys-Arg-rich region, which is highly 
conserved with the estrogen receptor and the oncogene 
product ir-prh-A. it seems logical that mutations in 
these regions would diminish the ability of the 
receptor molecule to activate transcription since 
activation depends on both the ability of the ligand to 
induce an allosteric transformation and the ability of 
35 the transformed molecule to recognize and interact with 
the DNA. Based on the initial model of steroid 
receptor structure (Weinberger, et al., 1985) , these 
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were expected outcomes of a mutagenic characterization. 
The unexpected outcome, however, is the identification 
of at least two other regions influencing 
transcriptional activity. This raises the intriguing 
b possibility that other domains are present in the 
receptor that are necessary for transcriptional 
activation but are not specifically involved in either 
steroid or DNA binding. Mutants 1120, 1204, and 1214 
bind steroid with wild-type affinity but have 
diminished transcriptional activity. These mutants 
clearly demonstrate that this domain, which we refer to 
as taux, is functionally important and required to 
obtain complete activity of the hGR. Interestingly, 
nonfunctional truncated mutancs u-e., *u *wun« 
several lines of glucocorticoid-resistant cells are 
retained in nuclei more efficiently than the wild-type 
receptor, but fail to activate transcription (Yamamoto, 
et al.f 1976; Andreasen and Gehring, 1981; Westphal, et 
al., 1984). The receptor fragment missing in these 
"increased nuclear transfer" (nti) mutants is evidently 
the amino terminus of the protein since they retain 
hormone-binding capacity. We note that tau lr coincides 
with the major immunogenic domain of the hGR 
(Weinberger, et al., 1985), indicating that it is 
probably on the external surface of the molecule. 
Speculations on how this domain can fulfill its 
functions include self-interaction leading to receptor 
dimerization, possible interactions with general 
transcriptional factors such as RNA polymerase II, 
and/or modulation of DNA binding by exerting allosteric 
influence over the remainder of the activated receptor 
(Dellweg, et al., 1982). Tauj, is englobed by the amino 
terminus of the receptor, a region which is not held in 
common with the smaller estrogen receptor. Perhaps the 
estrogen receptor gains the equivalent function of this 
domain by interacting with a second protein, or, 
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alternatively r tau^ may interact with other residues 
within the glucocorticoid receptor itself, as opposed 
to interacting with other regulatory molecules. The 
5 other tau region (which we refer to as tau2) that 

affects transcriptional activation is a region that is 
present in the estrogen receptor and the v-&xhrh 
oncogene. Its location also suggests that it may act 
as a "hinge" region linking the steroid- and 
10 DNA-binding domains/ Thus, these mutants could block 
the allosteric transformation necessary for receptor 
activation. 

A third region affected by amino acid 
in^er^ions is located in the putative DNA-binding 
15 domain described by Weinberger, et al. (1985). This 
domain is composed of two repeated units containing a 
Cys-Lys-Arg-rich sequence and is the most intensively 
conserved when compared with the v^erb-A oncogene and 
the estrogen receptor (Weinberger, et al., 1985; Green, 
20 et al., 1986; Greene, et al., 1986). These repeated 
units were first observed in the factor TF-IIIa 
(Miller, et al., 1985) and have since been found by 
sequence homology searches in a number of other nucleic 
acid-binding proteins (Berg, 1986) . Based on 
25 experimental and theoretical studies of the factor 

TFIIIa, Miller and colleagues (1985) proposed a novel 
mechanism by which proteins bind DNA molecules. In. 
their model, each unit is folded into a "fingered" 
structure centered on a zinc ion. A finger could bind 
30 to a half-turn of DNA. Mutants 1422 and 1440 carry an 
amino acid insertion that disrupts the motif Cys-X2-Cys 
central to the finger model. These mutants are totally 
inactive with respect to transcriptional activation but 
retain their ability to bind glucocorticoid hormone. 
35 Preliminary experiments revealed that these mutants 
also fail to translocate to the nucleus after hormone 
treatment and to bind DNA in vitro (S. Hollenberg, 
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unpublished observations) . These mutated receptors 
demonstrate the functional importance of the finger 
motifs present in hGR. The third mutant located in 
this region, 1428, has the finger extended by the 
addition of four amino acids. Transcriptional activity 
of 1428 is greatly impaired (2% of wild-type level), 
but is still detectable. Thus, the loops are 
apparently more tolerant of change than the 
zinc-binding motif. The demonstration that finger-like 
domains are functionally important in hGR leads us to 
propose that steroid hormone receptors are 
metallo-proteins, which may have evolved from a 
otimocdial ancestral DNA-binding protein. 

Together, these data suggest caac taa 
is composed of a melange of regulatory domains, which 
may have been pirated over evolutionary time to 
condense into the primordial steroid hormone receptor, 
which in turn gave rise to the large family of hormone 
response genes present in the mammalian genome. The 
transcriptional activity of this molecule demonstrates 
its potential ability to act as a genetic switch, which 
is consistent with the role of steroid hormones in 
activating a variety of developmental lineages and 
homeostatic functions. The design of the mutations 
allows for the convenient generation of any desired set 
of small or large deletional mutants and the ability to 
switch domains between related molecules to study 
function. In conjunction with the rapid and 
quantitative functional assays described in this 
section, it is now possible to direct specific 
questions as to the functional nature of the tau, DNA-, 
and steroid-binding domains. 
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II- E. DETAILED DE SCRIPTION OF FIGURES 
PRPRPRRD TO IN RXPRPTMRNTAI, SECTION II 

FTGURE II-1. 

5 SCHEMATIC REPRESENT ATION OF THE hGR FUNCTIONAL ASSAY 

In this assay, an expression vector containing 
the hGR alpha cDNA or a mutant derived from it is 
cotransfected into CV-1 or COS cells with a plasmid 
carrying the CAT gene under the control of the MTV LTR. 

10 The cells are then cultured in the presence or absence 
of hormone, CV-1 cells were used to monitor induction 
of CAT activity, and COS cells were used to measure 
steroid-binding capacity and the expression of hGR 
protein, 

15 FTfiHRB II-2> 

flYPPESSIO KT HP hftP PROTEIN 

COS cells were mock-transf ected (center lane) 
or transf ected with plasmid pRShGR alpha, (right lane) 
and analyzed 2 days later for the presence of hGR 
20 protein. Crude cytoplasmic extracts were resolved by 
SDS-PAGE and analyzed by Western blot. Cytoplasmic 
extract from IM9 cells was loaded on the same gel for 
comparison (left lane).. 
FTGURS 11=3 ■ 

25 INDUCTION OF CAT ACTIVITY BY hGR 

Subconfluent CV-1 cells were cotransfected 
with either pRSVgal (control) , pRShGR alpha, or pRShGfc 
beta and the reporter plasmid pMTVCAT and cultured for 
2 days in the presence (+) or absence (-) of 10 nM 
30 dexamethasone. CAT assays were performed as indicated 
in Experimental Procedures fsee Section II. F.). C, 
chloramphenicol; AC, 3-acetylchloramphenicol. 
FTGURE II-4. 

TWSE-PESPONSE TP DEX AND TITRATION OF PRShGR ALPHA 

35 (A) CV-1 cells cotransfected with pRShGR alpha 

and pMTVCAT (10 micrograms each plasmid) were cultured 
in the presence of increasing concentrations of 
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dexamethasone. The' apparent ED 50 value foe DEX was 3 
nM. The levels of CAT activity were plotted as 
percentages of the maximal response observed in a 
particular experiment. No CAT activity was detected in 

the absence of DEX. 

(B) Titration. Increasing amounts of pRShGR 
alpha were cotransf ected into subconfluent CV-1 cells 
with a constant amount of pMTVCAT (5 micrograms) . The 
plasmid pBR322 was used as carrier DNA to yield a total 
of 30 micrograms DNA per plate. Cells were cultured 
for 2 days in the presence of 10 nM DEX and CAT 
activity was measured and plotted as in (A) . 

Elfill&E tt-5. 

15 T .nf&TTr>N QF priMcrroNAf. uunrt i im.S i N nwtt 

The hGR is schematically represented with 
putative domains involved in transcription activation, 
tau x , and tau 2 , indicated by hatched areas. The 
DNA-binding domain is represented by a stippled box; 

20 the steroid-binding domain, by a dotted box. The 

positions of fiSJflHI linker insertions are indicated by 
triangles and circles. The numbers refer to the amino 
acid position {s&£ Experimental Section I) after which 
the insertion occurs. Open symbols represent mutants 

25 capable of inducing hormone-dependent transcriptional 
activity at wild-type levels, as measured by CAT 
activity, and closed symbols indicate greatly 
diminished or abolished function. The bar indicates 
the location of the divergent amino acids present in 

30 hGR beta, which is not functional. 

f T P. PXP PPTMPNTAT, PROCEDURES 

fn) rn T - TT1PF! r.nnnTTic-NS 

CV-1 and COS-1 cells were grown at 37©C in 
Dulbecco's modified Eagle's medium supplemented with 5% 
(v/v) fetal calf serum, 400 microg/ml ampicillin, and 
100 microg/ml streptomycin. Cells were passed every 3 
days and never allowed to reach confluency in order to 
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obtain good- transfection efficiency. All transfected 
cultures were maintained at 37©c with 5% CO2. 

(h) PEPOMRTNANT PT.ARHIDS- 

5 Plasmid pRShGR alpha and pRShGR beta, which 

direct the synthesis of the two forms of hGR in CV-1 
and COS cells , were constructed from three DNA 
fragments. The first fragment is derived from pRSVCAT 
(Gorman, et al., 1982b) and contains the RSV LTR, 
10 pBR322 sequences, and SV40 polyadenylation site. To 
obtain this fragment, pRSVCAT was cut with Hindi II and 
the ends repaired by treatment with the Klenow fragment 
of DNA polymerase I. SsnX linkers were added to these 
ends bv standard procedures (Maniatis, et al. , 1982), 
and the plasmid was subsequently cut with hsa.lt which 
removed the CAT coding sequence. The second fragment 
contains the coding sequence of either hGR alpha or hGR 
beta. Plasmids pOBll3 and pOBH7 (S.M. Hollenberg, 
unpublished results) , which contain the entire coding 
sequences of the alpha and beta form of hGR, 
respectively, were cut with fiamHI. The" ends were 
repaired with Klenow, and the plasmids were cut with 
Kpni. Ligation of the first and second fragments 
created plasmid pRhGR alpha and pRhGR beta. The third 
fragment to be added consists of a £zuII-aLadIII 
fragment containing the SV40 ORI obtained from the 
plasmid pSV2CAT (Gorman, et al., 1982a). The ends of 
this fragment were repaired by treatment with Klenow, 
and flde i linkers were added to them. This DNA 
fragment, containing the SV40 ORI, was then introduced 
into the single Hdfi.1 site present in pRhGR alpha and 
pRhGR beta. • Finally, the single fiamHI site present in 
these plasmids was destroyed and replaced with a Xhal 
site by insertion of a synthetic adaptor. The 
35 resulting plasmids are pRShGR alpha and pRShGR beta. 

Plasmids pMTVCAT and pMTIaCAT were gifts f rom- S. Gould. 
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LcJ TMgRRT TfiMAT. MUTAGENESIS 

Insertion of amino acids disrupting the 
wild-type sequence of hGR alpha was performed by the 
following method. Full-length linear pRShGR alpha DNA 
was generated by partial digestion with restriction 
enzymes ALuI, Epal, and BsiNI. In the case of DNA cut 
by £a£NI, the ends were first repaired with Klenow. The 
DNA molecules were then fractionated by agarose gel 
electrophoresis, and the linear form of the plasmid was 
extracted. SamHI linkers of 8- or 12-mer were added to 
restore the original reading frame of the hGR amino 
acid sequence. Plasmids carrying a single BamHI linker 
in the coding region of hGR were sequenced (Maxam and 
IS Gilbert,. 1980) to confirm cne posii-xuii wj. u« 
and the integrity of the hGR mutants. 

ff ^ rFT .T. TPRTJSP F^TDW AND PAT ASSAY 

The recombinant DNA constructs were introduced 
into CV-1 cells by calcium phosphate coprecipitation 

20 (Wigler, et al., 1979) or into COS cells by 

DEAE-dextran (Deans, et al., 1984). Each plasmid 
preparation used for transfection was purified using 
two consecutive CsCl-EtBr equilibrium gradients. After 
transfection with the CAT gene constructs, CV-1 cells 

25 were prepared for CAT assay as described by Gorman, et 
al. (1982a). The assays were performed with one third 
of the total cellular extract and an incubation time of 
6 hr. 

(Pi MfiSJEEH RT.OT ANALYST S 

Crude extracts from COS cells were prepared by 
lysis with a buffer containing 10 mM Tris-CHl (pH 7.5), 
100 mM NaCl, 1 mM EDTA, 0.5% Triton X-100. Equal 
amounts of protein (100 micrograms) were resolved by 
7.5% polyacrylamide gel electrophoresis, transferred to 
a nitrocellulose filter, and probed with anti-hGR 
antibody GR884 (Harmon, et al., 1984), followed by 
125 I _iabeled Star*"^ nmeeM aureus protein A. Filters 
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were air dried and exposed to film. The amount of 
receptor was quantitated by scanning the 
au t or adi og r aphs . 

. £fj STEROID RTNDTNC; ASSAY 

COS cells were lysed in hypotonic buffer 
containing 10 mM Tris-HCl (pH 7.5), 10 mM NaCl, 1 mM 
EDTA, 5 microg rams/ml antipain f 5- micrograms /ml 
leupeptin/ and 0.5 mM PMSF by Dounce homogenization and 

L0 centrifuged 10 min. at 15,000 x g to yield the 

cytosolic fraction. Incubations were performed in 
hypotonic buffer adjusted to 100 mM NaCl and contained 
100 micrograms of protein from the cytosolic fraction 
*nri ? x 10-8f3wiDEX (Amershanw 95 Ci/mmol) in total 

15 volume of 200 microliters. Nonspecific binding was 
measured by the addition of 2 x 10~6 unlabeled DEX. 
Reactions were carried out at 0°C for 2 hr. , followed 
by a 5 min. incubation with 20 microliters of 50% 
dextran-coated charcoal (10 tl activated 

20 charcoal :dextr an) and centrif ugation at 15/000 x g for 
2 min. at 4°C. Supernatants were counted by liquid 
scintillation methods in a Beckman LS-7800 liquid 
scintillation spectrophotometer. Each assay usually 
gave 2500-3000 cpm [3h] labeled steroid; unlabeled DEX 

25 competed for 70% of this binding. 
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B*PERTMBNTM. SfCIIQB III 
THE C -erb- A GENE ENCODES A 
THYROID HORMONE RECEPTOR 
5 . JTT. &_ ST 1MMARY ANP IN TPf>nn CTT ON 

The human glucocorticoid receptor (hGR) 
complementary DNA has been sequenced Weinberger , 

et al.r 1985b and Experimental Section I) and shown to 
be functionally active Experimental Section II). 

10 Interestingly r sequence analysis of the receptor showed 
it to be related to the product of the v-£ih-h oncogene 
product of avian erythroblastosis virus (AEV) 
Weinberger, et al., 1985). This led to the proposal 
<-h?*- <5<-°roW recsotors and the <ejLfc)L~& oncoqene 

15 products share a common primordial archetype and that 
the erb- A proto-oncogene products may also be proteins 
that bind to DNA enhancer elements. Recent 
characterization of the human oestrogen (Green, et al., 
1986 and Greene, et al., 1986), chicken progesterone 
20 (Jeltsch, et al., 1986 and Conneely, et al. , 1986) and 
human aldosterone (J. Arriza, C.W. and R.M>E. , 
unpublished data) receptors further support these 
conclusions. 

Accordingly, we started characterizing the 
25 human c-£xfct-A proto-oncogene even though its functional 
identification could not be ensured. During the 
progress of these studies, advances were made in 
detailing the functional domains of the glucocorticoid 
receptor (See Experimental Section II) which indicated 
30 that the hGR hormone binding domain was unusually 
large, encompassing the car boxy-terminal 300 amino 
acids. This entire region has distant but significant 
similarity to the carboxy terminus of v-£rfcrA which 
therefore focused our attention on classes of molecules 
35 that might exert transcriptional regulatory effects 
similar to those of steroid hormones. 

The molecular mechanism of thyroid hormone 
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stimulation of gene expression seems to be similar to 
that outlined for steroids (see. Eberhardt, et al., 
1980) . Thyroid hormone is present in all chordate 
species examined and exerts profound effects on 
development and differentiation, such as metamorphosis 
in amphibians (as* Eberhardt, et al., 1980). Like 
steroids, thyroid hormones may enter cells by passive 
diffusion and bind to high affinity nuclear receptors 
which in turn mediate a rapid and selective activation 
of gene expression (Tata, et al., 1966 and Oppenheimer, 
et al., 1972). Evidence favoring this hypothesis has 
come largely from studies of the induction of growth 
„™~„ e tt-s wessenaer RNA in the somatotroph of the 

15 rat anterior pituitary and in a number of related rat 
somatotropic cell lines (Samuels, et al., 1973 and 
Tsai, et al., 1974). Thyroid hormones rapidly increase 
the transcription of the growth hormone gene in these 
cells (Martial, et al., 1977 and Evans, et al., 1982). 
20 The increase in transcription is accompanied by 

increased levels of nuclear thyroid hormone-receptor 
complexes, is time- and concentration-dependent, and is 
independent of protein synthesis Samuels, et al., 

1976; Spindler, et al., 1982, and Yaffe, et al., 1984). 
25 The similarity of steroid and thyroid hormone . 

actions led us to examine the possibility that the 
grb-A protein may itself be the thyroid hormone 
receptor. We first isolated and characterized a cDNA 
for human c-£Xfc-A. The sequence predicts a 456 amino 
30 acid polypeptide containing a cysteine/lysine/ 
arginine-rich region similar to the putative 
DNA-binding domain of steroid hormone receptors and a 
carboxy-terminal region distantly related to the 
steroid binding domain. Using the functional assay 
35 developed for analyzing the hormone binding properties 
of cloned steroid receptors (Sfi£ Experimental Section 
I) , we demonstrated that the translation product from 



the human c-£xhrh cDNA possesses intrinsic thyroid 
hormone binding activity, characteristic of the native 
thyroid hormone receptor molecule. 

TIT, B- CHARACTER! 7, AT TON OF c-erh-A cDMA ■ s 

To isolate a human c-£jLk-A cDNA, a 50Q-base 
pair (bp) £atl DNA fragment isolated from a region of 
the AEV genome containing only the v- erb- A gene 
(Vennstrom/ et al., 1980} was used as a 32p-i a beled 
probe to screen two human placenta cuNA libraries. Two 
overlapping lambda gtlO cDNA clones were obtained by 
screening two independent libraries of ~106 phage 
recoiuoxnants eacn. x'he resuiccion maps were aeauced 
for each of the cDNA clone Ecqr i inserts from pOC8 
subclones, pheA4 and pheA12 (Pig. III-1(A)J. Nucleo- 
tide sequence analysis of these overlapping 1.5 kilo- 
base (kb) cDNA clones revealed that the composite se- 
quence contains a long open reading frame of 456 amino 
acids with a presumptive initiator methionine codon at 
nucleotide number 301 and a terminator codon at l r 669 
in the sequence (Pigs* III-1(B)-1 and XXX-l(B>-2>. 
Seven codons upstream of the ATG is an in-frame termin- 
ator TAA providing support for the initiator methio- 
nine f although another methionine found 26 codons. down- 
stream makes this assignment tentative. No consensus 
polyadenylation addition signal (A AT AAA, see Prpudfoot/ 
et al.r 1976) is discernible in the 27 nuc- leotides 
between the terminator and poly (A) tract in pheAl2. 

A predicted polypeptide of relative molecular . 
mass 52 f 000 (M;]=52K) f encoded within the human c- erb- A 
cDNA translational open reading frame, shares 82% amino 
acid identity with the region downstream from the viral 
Sa« sequences (Debuire, et al., 1984) in AEV. No gaps 
in the amino acid comparison were revealed. The human 
c-££ii-A amino acid sequence is homologous with the 
viral protein beginning at viral amino acid residue 37 
(Fig. III-2) . The carboxy-terminus of c- erb -A differs 
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from that of v-*rb-A in the following manner: amino 
acid sequence similarity of the two polypeptides 
terminates at residue 445 of c-&zh-H and residue 380 of 
v-erb-A (Pig. III-2) . 

Alignment of the human c-£rfc-A nucleic acid 
sequence with that of v-sUa-A shows that "74% of the 
human gene is identical to the viral gene in the region 
of amino acid homology (nucleotides 563-1636 in 
r.-grb-A. data not shown). These comparisons, coupled 
with previous data describing other human zxhrh. genes 
mapping to chromosome 17 (Jansson, et al., 1983; Spurr, 
et al., 1984; and Dayton, et al., 1984), indicate that 
■ ._»_-•» -,or>--i f«snp v» have isolated is 

15 distinct. One of the two chromosome 17 &xh-& genes 
(both of which we propose to call hc-sxb-A alpha) has 
82% similarity with the v-exb-A gene by nucleotide 
sequence and 89% by amino acid identity (See Dayton, 
1984) . Therefore, the placenta c-£ib-A cDNA, which we 
20 propose to call hc-zih-h beta, is more distantly 

related to the viral fiiH-A gene than the hc-fLLb-& alpha 
genes. 

Amino acid sequence comparisons between the 
viral and cellular £XH-A protein products and the 
25 glucocorticoid receptor indicate graded levels of 
homology with the carboxy-terminal half of the hGR 
(Fig. III-2). The highest degree of similarity is 
found in a cysteine-rich sequence of 65 amino acids 
beginning at c-sxh-h amino acid residue 102 

30 Weinberger, et al., 1985). There is 47% amino acid 
identity in the comparison with the hGR and 52% 
identity when e -erh -A is compared with the human 
oestrogen receptor (hER) amino acid sequence (Fig. 
HI-2) . We have proposed that this region of the hGR 

35 represents the DNA binding domain4. Mutagenesis and 
expression studies have provided direct evidence for 
its role in transcriptional activation {&££. 
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Experimental Section II) . Regions downstream from the 
cysteine-rictr domain f which correspond to the hormone 
binding domain, contain reduced yet significant (17%) 
homology to the hGR and hER as found previously with 
5 the viral erb-A product ( see Weinberger, et al. f 1985; 
Green, et al., 1986; and Greene, et al., 1986). 

Til. C. MULTIPLE ftrh-ft GENES 
Hybridization of restriction 
endonucl ease-digested human placenta DNA with a labeled 

10 DNA fragment derived from the cysteine-rich region of 

the c-^rb-A polypeptide (Pigs. III-l(A), III-1(B)-1 and 
t-tt ) / proaucea cwo oanas xa every axgestion wicn 
the exception of £im£I (Fig, III-3 (A) ) . The greater 
intensity of the 9.4 kb-band suggested that it contains 

15 two hybridizing DNA fragments. When the hybridization 
conditions were relaxed, additional bands were observed 
in the products of each enzyme digestion. ' For example, ; 
two faint bands of 5.1 and 3.6 kb were seen after £atl 
digestion (Fig. III-3(B)). The hybridization probe 

20 contains a single internal £atl site (Fig. III-l(A)) 
which probably explains the increased number of £stl 
bands detected with this probe. 

Similar high-stringency hybridization 
experiments were performed using a 260 bp UcaRI-fiamHI 

25 fragment from the 5 r untranslated region of pheA4 (Fig. 
III-l(A).and data not shown). Two hybridizing DNA 
fragments were detected with all restriction enzymes 
providing further support for the existence of two 
related c-grh-A genes. No additional DNA bands were 

3 0 seen when the hybridization was performed under relaxed 
conditions using this probe (data not shown) . We 
conclude that there are two closely related hc -arb- A 
beta proto-oncogenes. and a third, less similar one, in 
the human genome. 

35 Laser-sorted chromosomes were prepared from 

human lymphoid cells (Lebo, et al. , 1984) , bound to 
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nitrocellulose filters and hybridized under 
non-stringent hybridization and washing conditions 
using the 1.5-kb £caRI insert from pheA4 (Fig. 
III-3(C)). This probe detected only human chromosome 

5 3-specific DNA and suggests that the three c-erb-A 

beta-related genes are chromosomaliy linked, although 
we cannot strictly exclude the possibility that the 
non-stringently hybridizing erb-A gene maps in another 
chromosome. Interestingly , another steroid 

10 receptor/arii-A genomic fragment has recently been 

identified by characterizing the integration site for 

— - c — 

(Dejean, et al., 1986). This locus has also been 
mapped on human chromosome 3 suggesting that the £ij2-A 
15 genes may be closely linked. 

TTT. n. EXPRF fiSTOTJ OP n-Prh-A GENES 
Northern blots hybridizing cytoplasmic 
poly (A) -containing RNA's, isolated from various human 
cell lines or human term placenta, with a 650-bp 

20 Bam Hi- Pst i fragment from the pheA4 (Pig. III-l(A)) 

revealed a single RNA species of 2,000 nucleotides that 
is most abundant in HeLa and MCF-7 cells (Pig. 
III-4(A)). The size of the mRNA indicates that we have 
isolated a nearly full-length c-£Xia-A cDNA. HT1080 

25 cells contain a small amount of the 2-kb transcript 

while it is undetectable in IM-9 cells. Human placenta 
appears to contain multiple species of 5, 3 and 2.5 as 
well as 2.0 kb RNA. It is unclear whether the multiple 
placenta bands represent nuclear precursors, or mature 

30 mRNA 1 s from a single gene, or the products of other 
orb- A genes. 

The protein products of the human c-ecfa-A cDNA 
were characterized by in vitro translation. A cDNA 
containing the entire c-erb-A coding region was 

35 inserted into the ££aRI site of the expression vector 
pGEM3 in both orientations. Capped RNA transcripts 
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synthesized by T7 polymerase from these templates were 
used to program protein synthesis in rabbit 
reticulocyte lysates and the 3 5 S-raethionine-labeled 
products were separated on SDS-polyacrylamide gels 

5 (Laemmli r 1970) • Proteins with U r of 55 f 52, and 35K 
were detected when peAlOl DNA ( grh -A sense transcripts) 
was used as template (Fig. III-4(B), lanes 3 and 4) but 
not when peA102 DNA ( erb -A ahtisense transcripts) was 
used (Fig, III-4(B) f lane 2> . The 55 and 52K products 

10 may correspond to polypeptides initiating translation 
at methionines 1 and 27, respectively (Fig. 

breakdown product. 

Ill, B. THYROID HORHQHE BINDING 

15 Structural similarity of the steroid ligands 

as well as the partial amino acid sequence homology 
(40%) between the carboxy termini of the hGR and hER 
Cwhich specify the hormone binding domains; ja£ja Krust, 
et al. r 1986) support the hypothesis that the steroid 

20 receptors comprise a family of regulatory proteins. The 
more distant homology between the carboxy terminus of 
c -erb- A and the steroid receptors suggested that erb -A 
proto-oncogenes probably do not encode steroid 
receptors, but is consistent with the hypothesis that 

25 prh-A may respond to other molecules, We have shown 
that in vitro translation can be used as a means to 
characterize hormone binding activity of cloned steroid 
receptors (see Experimental Section I), Accordingly f 
this assay was employed to identify the putative 

30 c-jsxil-A ligand. 

Steroid and. thyroid hormones exert their 
effects through fundamentally similar mechanisms. To 
address the possibility that &rb- ft may be the thyroid 
hormone receptor , the in vitro translation products 

35 were mixed with 125i_3 f 5 ,3 '-triiodo-L-thyronine 

( 125 I-T3) in a hormone binding reaction f see Samuels, 
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et al., 1974). Nonspecific hormone binding was 
determined by adding a 500-fold molar excess of cold T3 
to parallel samples. Remarkably, the mixture 
containing the 55 and 52K polypeptides (peAlOl) 

5 acquired 1 25 I-T3 binding whereas the anti-sense 

RNA-programmed lysates (peA102) had only background 
binding. Hormone binding was sensitive to proteases 
but not nucleases (data not shown) . Affinity of T3 for 
the cloned erh -A protein was determined by Scatachard 

10 analysis (Fig. III-5(A)). A K d value of 5 x 10" 11 M 

was obtained, which is virtually identical to the T 3 

— -» 

(data not shown) • 

Specific analogues of thyroid hormones have 

15 characteristic competition patterns for T3 binding to 
the native thyroid hormone receptor. We determined 
whether the grb- A product synthesized in vitro shared 
the same intrinsic hierarchy of affinities for a range 
of natural and synthetic thyroid hormones. Competition 

20 of 1251-^3 binding was most effectively achieved with 
3,5'; 3 '-triiodothyroacetic acid (TRIAC) which 
inhibited 50% of 125J-T3 binding at 3 00 pM (Pig. 
III-5(B)). In addition, L-thyroxine (Fig. III-5(B)), 
D-T 3 and reverse T3 (3 ,3 1 ,5 1 -triiodo-L-thyronine) 

25 competed more poorly than T 3 (Fig. III-5(C)), while 100 
microM vitamin D3, aldosterone, Cortisol, testosterone, 
progesterone or oestradiol did not compete (data not 
shown) , consistent with the biochemical properties of 
the rat thyroid hormone receptor (see Samuels, et al., 

30 1974; Samuels, et al., 1979; and Latham, etal., 1976). 

High salt (0.4 M KC1) HeLa cell nuclear 
extracts contained thyroid hormone binding 
activity f while none was found in cytoplasmic or 
low-salt (0.1 M KCl) nuclear extracts (data not shown). 

35 Competition of thyroid hormone binding in the nuclear 
extracts was quantitatively similar to that of lysates 
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containing c- e rb-A made ia vitro (compare Fig* III-5 (B) 
and (D) ) . Furthermore/ thyroid hormone binding using 
0.4 M KC1 nuclear extracts from IM-9 cells, which 
contain undetectable levels of c-£jck-A mRNA (Fig. 
III-4(A), lane 4), is negligible when compared with 
similar HeLa extracts (data not shown) . These results 
provide direct evidence that c- erb- A is the thyroid 
hormone receptor. 

III. F. CONCTtPSIQNS 
The data in this section provide three 
criteria that identify the c -erh -A product as the 



structural homology of c -erb -A is likely to be a 
ligand-responsive regulatory protein. Second, the 
expressed, protein product has the same intrinsic 
hierarchy of affinities for natural and synthetic 
thyroid hormones as the native receptor. Third f the 
molecular weights of erb- A in vitro translation 
products are similar to the photo-affinity-labeled rat 
thyroid hormone receptor (Pascual, et al., 1982). The 
identity of erb- A as the thyroid hormone receptor could 
be further substantiated by demonstrating its 
transcriptional regulation of T3~responsive genes such 
as the growth hormone gene. 

Analysis of the hGR and hM has revealed the 
proteins to be composed of a series of functional 
domains. Experimental Sections I and IV, and 

Weinberger, et al., 1985a; also see Carlstedt-Duke, et 
al.r 1982; Dellweg, et al., 1982; Reichman, et al., 
1984; and Sherman, et al., 1978.) These include a 
cysteine-rich region which contains structural 
similarity to a repeated cysteine-rich region which 
contains structural similarity to a repeated 
cysteine-rich sequence found in Xenopus 5S gene 
transcription factor III A and other transcriptional 
regulatory proteins (Miller, et al., 1985; Berg, 1985) 
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as well as carboxy-terminal sequences, which encode the 
steroid-binding domain (&££. Experimental Section II and 
Weinberger, et al., 1985a; also see Kumar, et al., 
1986) . Extension of this analogy to the thyroid 
hormone receptor would predict its hormone binding 
region to be localized near the carboxy-terminal end of 
the molecule (Fig. III-6) . Putative DNA binding 
sequences would be found in the cysteine-rich region 
(Fig. III-6) where DNA binding properties of the hGR 
and hER appear to be localized Uea Experimental 
Section II, and Kumar, et al., 1986; also S. Hollenberg 
and R.M.E., unpublished data). 

TTT r - WBQin HOBHOBE RBCEZEPB ^r> PNCOfiENESIS 
Expression of the v-£Xii-4 produce in 
erythroblasts is required for maintenance of the fully 
transformed phenotype (£££. Graf, et al., 1983; 
Frykberg, et al., 1983; Sealy, et al., 1983; and Kahn, 
et al., 1986). Chickens infected with viruses lacking 
the v-»rb-A gene display a less virulent disease, while 
in y^ro these infected erythroblasts differentiate 
spontaneously and grow only with complex media 
supplements. Cells infected with &xh-b+/&xh-2+ virus, 
however, have an increased capacity for self-renewal 
and display a less differentiated phenotype. Structural 
alterations of the v-£ib-A protein could give rise to a 
product exerting aberrant properties of growth control. 
For instance, changes at the carboxyl terminus might 
affect thyroid hormone binding activity, as has been 
shown for the beta form of the human glucocorticoid 
receptor, resulting in a constitutively active molecule 
( see Experimental Sections II and III; also sez 
Weinberger, et al., 1985a), where changes abolish 
steroid binding activity. Insertional mutants in this 
35 domain also inactivate steroid binding properties (see 
Experimental Section II). However, deletion of the 
hormone binding region gives rise to a 



20 



25 



30 



constitutively active receptor indicating that this 
domain plays a modulatory role in transcriptional 
activation (V. Giguere and R.M.E. r unpublished data). 
These data lead us to predict that v -erb- ft is unlikely 
to bind hormone and is rather a constitutively active 
form of the thyroid hormone receptor . The 
identification of sxhrh as the thyroid hormone receptor 
provides the first direct evidence of a causative 
involvement of enhancers and their binding proteins in 
oncogenic transformation. 

Ill, EL ft SPPERFAHILY OF REGULATORY GENES 

oxmiiaiicy- or cac cJcecoia receptors wxcn cue 
v- erb- A oncogene product was sufficient to allow us to 
propose that both have evolved from a primordial 
receptor gene (Weinberger r etal., 1985a) * Two 
surprising results have emerged from the studies 
presented here. The first is that the occurrence of a 
family of firb-A proto-oncogenes implies the existence 
of one or more other molecules closely related to the 
thyroid hormone receptor. Physiological studies have 
not predicted the existence of a second class of 
thyroid hormone receptors and thus the characterization 
of this family may shed new light on mechanisms of 
developmental and homeostatic regulation. The second 
surprising observation from these results is the close 
kinship of the thyroid hormone receptors with the 
steroid hormone receptor family. This relationship 
indicates that these molecules may all be part of a 
superfamily of regulatory proteins that have arisen 
over evolutionary time to match the increasing 
developmental and physiological demands of more complex 
eukaryotes. 

TIT. DETAILED DESCRIPTION OP ETGnPES 

PEEERRED TO TN EXPERIMENTAL SECTION TTT 

Figure TTT-T (ft) and fB) - 

Restriction map and sequencing strategy (A) 
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and nucleotide and predicted amino acid sequence (B) of 
human placenta c-£xJa-A cDNA. a, Orientations of the 
two subclones pheA4 and pheA12 relative to the 
composite restriction map. Common restriction 
endonuclease cleavage sites are above the linear map. 
Thin lines, untranslated sequences; hatched box, £xJa-A 
coding region; arrows, DNA fragments sequenced, b. 
Nucleotide sequence of the composite zxhrh cDNA is 
presented in the 5' to 3 1 orientation. The 
translational open reading frame related to the viral 
Arb -A. protein 21 i s shown above the nucleotide 
sequence. Aaenooxue tebiuaea i x^w/ ai.c ^-^w**iw 
3 1 end of pheAl2. Numbers above the translated 
sequence indicate amino acid residues and nucleotide 
numbers are on the right of the sequence. 

Figure TT T-1 (A) and (B) Mftthods 

Recombinant phage (~10 6 ) from each of two 
human placenta lambda. gtlO cDNA libraries {Huynh, et 
al., 1985) were screened using a nick-translated 
(Rigby, et al., 1977) 500-bp £s£I fragment isolated 
from pAEV-11 (Vennstrom, et al.r 1980)). The 
hybridization mixture contained 50% forraamide, 1 x 
Denhardt's, 5 x SSPE, 0.1% sodium dodecyl sulphate 
(SDS) , 100 microgram ml" 1 denatured salmon sperm DNA 
and 106 c.p.m. ml"! of 3 2 P -i a beled Es£I fragment 
(specific activity « 1 x 10 8 c.p.m. microgram" 1 ). 
Duplicate nitrocellulose filters were hybridized at 
370c for 18 h, washed three times for 20 min each in 
0.1 x SSC, 0.1% SDS (1 x SSC - 150 mM NaCl, 15 mM 
trisodium citrate) and autoradiogr aphed at -70°C with 
an intensifying screen. Two hybridization-positive 
clones were isolated, subcloned into the £££RI site of 
pUC8, and sequenced by the chemical cleavage method 
(Maxam, et al. , 1977). 
Fignrp TII-2. 

Amino acid sequence comparison between the 
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carboxy-terminal portions of the v-erb-A oncogene 
product r the human placenta e -erb- A polypeptide and the 
human glucocorticoid and oestrogen receptors. 
Translated amino acid sequences for both the v-grb-A 

5 protein (upper sequence) and the human placenta e-grb-A 
polypeptide (second sequence) were compared by aligning 
matching residues* A computer program for the 
concurrent comparison of three or more amino acid 
sequences (Johnson, et al. f 1986) was used to align 

10 c-erb-A human glucocorticoid receptor (hGR third 

sequence from top; see Experimental Section I, Figures 

ana x—ti^jj ana auiaau ue^ctogeu c&c&ycuz ni^xv/ 
bottom sequence; see Green, et al.r 1986). 
carboxy-terminal amino acid sequences/ on the basis of 

l5 progressive evaluation of selected segments from each 

sequence. Amino acid residues matched in at least three 
of the polypeptides are boxed, Amino acid matches 
between the two erb-A polypeptides are indicated by an 
asterisk above the top sequence in each column. Amino 

20 acid identities between the steroid receptors are 

designated by crosses below the sequences. Hyphens/ 
gaps inserted to maximize the number of matches in the 
comparison. Cysteine residues conserved between the 
four polypeptides printed white-on-black. 

25 Figure 111=2 (ft) , '(B) and (C) . 

Southern analysis and chromosome mapping of 
human placenta DNA with G-erb-A DNA probes. A r Human 
term placenta DNA was digested with restriction 
endonucleases and products were separated on a 0.8% 

30 agarose gel. DNA 1 s were transferred to nitrocellulose 
paper (Southern, 1975) and hybridized in 50% formamide f 
5 x SSPE/ 1 x Denhardt's, 0.1% SDS f 100 microgram ml** 
salmon sperm DNA with the 450-bp Sst l fragment from the 
pheA4 which was nick-translated to a specific activity 

35 of 5 x 108 c.p.m. microgram" 1 . The filter was washed 
in 0.1 x SSC r 0.1% SDS at 60oc and exposed to X-ray 



SUBSTITUTE SHEET 



WO 88/03168 



PCT/US87/02782 



-100- 

film at -7 0°C with an intensifying screen. Lambda 
Hin dlll DNA markers (size in kb) are aligned to the 
left of the autoradiogram. B, Analysis of placenta DNA 
using the same e- erh -A probe as in section a above, 

5 under non-stringent hybridization conditions, A 
parallel blot containing the same samples was 
hybridized as in section a, except that 3S% formamide 
was used* The hybridized filter was washed in 2 x SSC, 
0,1% SDS at 550C and exposed to X-ray film as described 

10 above* C, Chromosome mapping of human c-£jik-A genes. 
Human lymphocyte chromosomes were separated by laser 
cyco£j.uor omecry ^iieuo, eu ax./ i^^/ a>n^ w-^wu. ~ — .~ j 
the non-stringent hybridization conditions described in 
section b, but with the 1.5 kbp SoaRI insert from pheA4 

15 as probe. 

Fi'gnrP TTI-4 (A) and (B) . 

Human c-£xb-A expression. A, Northern 
analysis of RNA's from human cell lines and human 
placenta. Cytoplasmic poly (A) -containing RNA (12 

20 microgram) from HeLa, MCF-7 and IM-9 cells , or total 
poly (A) RNA 1 s from HT1080 or placenta, were separated 
on a 1% agarose gel containing formaldehyde, 
transferred to nitrocellulose (Thomas, 1980) and probed 
using a nick-translated 650-bp SamHI-JEatl pheA4 

25 fragment. Cytoplasmic RNA 1 s were isolated from the 

cell lines using isotonic buffer and 0.5% NP40, while 
the placenta RNA's were extracted from fresh tissue 
using guanidine thiocyanate (Chirgwin, et al., 1979). 
Lane 1, HeLa; lane 2, HT1080, lane 3, human placenta; 

30 lane 4, IM-9; lane 5, MCF-7. B, Synthesis of £rJk-A 
polypeptides in vitro . The 35s-methionine-labeled 
products synthesized using T7 polymerase-catalysed RNA 
transcripts were separated on a 12.5% 
SDS-polyacrylamide gel which was fluorographed 

35 (ENHANCE, New England Nuclear). Lane 1, control 
(without mRNA) ; lane 2, peA102 (anti-sense RNA, 4 
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microliters); lane 3/ peAlOl (sense RNA, 1 microliter); 
lane 4, peAl 01 (4 microliters RNA) • Sizes of protein 
standards: bovine serum albumin, 66. 2K; ovalbumin, 45K 
and carbonic anhydrase, 31K. 
Figure TII-4 (A) and CB3 Methods 

The EcoR i insert from pheA12 which contains 
the entire coding region of c -erb- A was inserted into 
the £caRI site of pGEM3 (Promega Biotec) in both 
orientations. Plasmid DNA's peAlOl and peAl02 were 
linearized with Hind iil, purified on 0.8% agarose gels 
and used as templates for T7 polymerase-catalysed 
synthesis of RNA's in vitro (see Experimental Section . 
I). After P60 chromatography , total nucleic acid 
material (2 micrograms) was used to program protein 
translation in a rabbit reticulocyte lysate system 
(Promega Biotec) with 35 S-methionine (25 microCi, 1100 
Ci mmol-1, New England Nuclear) final volume 25 
microliters. - 

Figure III-5 (A) r fB) r fC) and fP).. 

Thyroid hormone binding to prb-A polypeptides 
synthesized ia vitro . A, Scatchard analysis of I251-T3 
binding to the grh-A polypeptides made in yitlfl* The 
^rh-A polypeptides (2 microliters from the in vitro 
translation mixture in a total volume of 2 ml) were 
assayed for specific thyroid hormone binding activity 
using hydroxylapatite to measure the amount of bound 
and free labeled hormone at different concentrations of 
125 I-T3 as described (Gruol, 1980). B, Competition of 
thyroid hormone analogues- for 125i_t 3 binding to erb- A 
polypeptides synthesized in vitro . Samples (2 
microliters) from the peAlOl (sense strand) -programmed 
reactions were used in 125i-«j3 standard binding 
reactions (Samuels, et al. , 1974) with increasing 
concentrations of unlabeled thyroid hormone or 
analogues to compete with labeled hormone. Specifically 
bound thyroid hormone is plotted against 
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concentration of competitor compound. C, Competition 
of triiodothyronine isomers from 1 25 I-T3 binding to 
erb -A polypeptides synthesized in vitro* Binding 
reactions were performed as above adding increasing 
concentrations of T3 isomers. Thyroid hormone bound to 
erb -A is plotted on the ordinate. D, Competition of 
thyroid hormone analogues for 125i_T3 binding to 0.4 M 
KC1 HeLa cell nuclear extracts. HeLa cell nuclei were 
extracted with a buffer containing 0.4 M KC1 (Samuels, 
et al., 1974). The protein extract (25 micrograms) 
Moforminod bv Bio-Rad protein assay) was mixed with 
0.6 nM 125i-T3 in standard binding reactions with 
increasing concentrations of thyroid hormone and 
analogues (Samuels, et al., 1974; Latham, et al., 
1976) . 

Figure II T-5 (A\. t*\ r (C\ anrl (T» Methods. 

Labeled 1251-3,3 1 ,5-triiodo-L-thyronine (New 
England Nuclear, 2,200 Ci mmol" 1 , 0.3 nM final) was 
mixed with *rb -A polypeptides synthesized in the in 
vitro translation mixture (described in Fig. III-4(A)) 
in T 3 -binding buffer (0.25 M sucrose, 0.25 M KC1, 20 mM 
Tris-HCl (pH 7.5), 1 mM MgCl 2 , 2 mM EDTA, 5 mM 
dithiothreitol (DTT) ) (Samuels, et al., 1974) at 0°C 
for 2 h in a final volume of 250 microliters. Specific 
hormone binding was determined by adding a 1,000-fold 
excess of unlabeled hormone and assayed by counting 
radioactivity eluting in the excluded volume from a 
Sephadex G-25 fine (Pharmacia) 0.9 x 4.0 cm column 
(Samuels, et al., 1974). 
Figure III-6. 

Schematic comparison of the steroid and 
thyroid hormone receptors. Araino-acid sequences of the 
receptor molecules aligned in Fig.^CII-2 are 
represented schematically* CYS, cysteine-rich region 
encoding the putaive DNA binding domain found in the 
receptor proteins (Cys-rich region residues are: 



SUBSTITUTE SHEET 



WO 88/03168 



-103- 



PCT/US87/02782 



15 



c-&Xh-h, 102-169; hGR, 421-486; hER, 185-250); 
Cortisol, oestradiol and T3/T4, hormone binding regions 
in the carboxyl termini; 1 MM, immunogenic region of 
the human glucocorticoid receptor. Numbers separating 
3 boxes, percentage amino acid identities between the 
receptor species in the intervals between the vertical 
broken lines; hGR, human glucocorticoid receptor; hER 
human oestrogen receptor; hc-££k-A beta, human thyroid 
10 hormone receptor. 
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F.XPER T M p.fJT AT. SECTTON IV 
CLONING OF HUMAN MINERALOCORTICOID RECEPTOR 
COMPLEMENTARY DNA: STRUCTURAL AND FUNCTIONAL 
5 KINSHIP WITH THE GLUCOCORTICOID RECEPTOR 

TV &. STTMMARY 

Low-stringency hybridization with human 
glucocorticoid receptor (hGR) complementary DNA was 
used to isolate a new gene encoding a predicted 
10 107-kilodalton polypeptide. Expression studies 

demonstrate its ability to bind aldosterone with high 
affinity and to activate gene transcription in response 
to aldosterone, thus establishing its identity as human 

15 shows high affinity for glucocorticoids and stimulates 
a glucocorticoid-responsive promoter. Together the hMr 
and hGR provide unexpected . functional diversity in 
which hormone-binding properties, target gene 
interactions, and patterns of tissue-specif ic 

20 expression may be used in a combinatorial fashion to 
achieve complex physiologic control. 

T Y, R_ TMTttODUCTTON 

The hypothalamic-pituitary-adrenal axis 
integrates a variety of neuroendocrine inputs to 

25 regulate the synthesis and secretion of the adrenal 

corticosteroids. These steroid hormones exert effects 
on growth, development, and homeostasis by their 
interaction with intracellular receptor proteins that 
directly regulate the transcription of sets of target 

30 genes (1,2). Two receptor systems have been defined 
for the corticosteroids; these are termed the 
glucocorticoid receptor (GR) . and the mineralocorticoid 
receptor (MR) . Early functional assays classified the 
corticosteroids as either glucocorticoid, by their 

35 effect in promoting glycogen deposition in the liver, 
or mineralocorticoid, by their effect in promoting 
sodium retention by the kidney. However, each steroid 
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class is not restricted to interacting with only its 
cognate receptor, and glucocorticoids, in particular, 
can have substantial mineralocorticoid activity (1-3). 

It is now evident that the MR has significant 
ia silx-fl affinity for both glucocorticoids and 
mineralocorticoids (3,4). Since the circulating levels 
of glucocorticoids are several orders of magnitude 
higher than those of aldosterone, the primary 
mineralocorticoid, glucocorticoid activation of the MR 
may be functionally significant. Whereas the secretory 
epithelia of tissues such as kidney and intestine 
regulate electrolyte and water balance in response to 
.Ldosterone, it is possible that additional mechanisms 
15 confer these tissues with sensitivity to 

mineralocorticoids (5). No clear functional role has 
emerged for the MR expressed in other tissues, but 
physiological responses in brain may result from 
glucocorticoid interactions with the MR (5-7). 

Despite the availability of high-affinity 
radioactively labeled ligands, the MR has been 
refractory to purification, and its biochemical 
properties, in comparison to GR, remain poorly 
understood. Application of the techniques of molecular 
biology to the study of the MR would facilitate its 
biochemical characterization and, eventually, an 
understanding of the genes under its transcriptional 
control and the roles their products play in 

homeostasis. 

Molecular cloning of the glucocorticoid (z&s. 
Experimental Section I and refs. 8,9), estrogen (10), 
and progesterone (11) receptors has permitted the 
determination of their primary amino acid structures 
and prediction of functional domains common to this 
family of regulatory proteins. Experimental dissection 
of glucocorticoid (£££. Experimental Section II and ref . 
12) and estrogen (13) receptors has revealed a 
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centrally located DNA-binding domain rich in cysteine, 
lysine, and arginine, and a carboxyl-terminal region 
where steroid hormones interact. Functional studies of 
GR suggest that hormone binding to the carboxyl 
terminus unmasks the DNA binding region to permit 
interactions of receptor with DNA and activation of 
transcription (14, 15). Comparison of the 
cysteine-rich DNA-binding regions of steroid and 
thyroid hormone receptors shows a high degree of 
relatedness between these molecules (16) . The 
invariant cysteine residues have led to the hypothesis 
that coordination of Zn*+ metal atoms maintains a 

15 that proposed for Xencpiia 5S gene transcription factor 
IIIA (17) . The steroid-binding regions of the steroid 
receptor family also show substantial conservation 
consistent with evolution of various receptor classes 
from a common ancestral precursor (11, 16). 

We have used the structural similarity between 
steroid hormone receptors to isolate a gene product 
closely related to the human glucocorticoid receptor 
(hGR) . Nonstringent hybridization with an hGR probe 
was used to isolate a human genomic DNA fragment highly 
25 related to the hGR cysteine-rich sequence. Using this 
DNA as a probe, we obtained complementary DNA's 
(cDNA's) that code for a molecule having a strong 
homology with the hGR from the cysteine-rich region to 
the carboxyl terminus. When expressed in cells, this 
molecule binds aldosterone with high affinity and 
activates aldosterone-response transcription of the 
long terminal repeat (LTR) of the mouse mammary tumor 
virus (MMTV) . The overlap of the ligand and DNA 
sequence specificities of this human mineralocorticoid 
35 receptor with those of hGR suggest that the distinct 
roles traditionally assigned to these regulatory 
molecules should be reconsidered. 
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IV. C. ISOLATIO N OP hMR cDNA 

For the identification of glucocorticoid 
receptor-related genes, human placenta DNA was digested 
with restriction endonucl eases, fractionated by agarose 
gel electrophoresis, and the fractions were hybridized 
with hGR 1.2, an 1100-bp fragment of hGR cDNA 
containing sequences encoding the DNA-binding domain 
(&e& Experimental Section I; also ref . 15) . Southern 
blot analysis revealed several distinct bands specific 
to low-stringency hybridization conditions (compare 
Pig. IV-1, (A) and (B) ) . The 2.5-kilobase pair (kbp) 

IV-l(B)) was well resolved from other hybridizing bands 
and was judged suitable for direct genomic cloning. 
Hiadlll-digested DNA from human placenta was 
preparatively size-fractionated on an agarose gel f and 
the 2.5-kbp region was isolated for the construction of 
a genomic library. This lambda gtlO library was then - 
screened under conditions of low-stringency 
hybridization with hGR 1.2 as the probe. The insert 
from one positive genomic clone, lambda HGH, was 
nick-translated and used as a probe on a Southern blot 
under high-stringency hybridization conditions (Fig. 
IV-l(C)). The 2.5-kbp Eindlll signal corresponded to 
that seen under nonstringent conditions, indicating 
that a portion of the desired genomic fragment had been 
isolated. Sequence analysis of the insert from lambda 
hGH revealed an exon of 140 base pair (bp) flanked by 
intron sequences (Fig. IV-l(D)). Overall this exon has 
68 percent nucleotide identity with the homologous hGR 
cDNA sequence, but a region conserving 85 nucleotides 
out of 104 probably confers its cross-hybridization 
properties. This highly conserved region corresponds 
to a portion of the hGR DNA-binding domain (15) . The 
lambda HGH exon codes for 46 amino acids beginning with 
16 nonconverted residues and followed by the first of 
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the highly conserved cysteine residues characteristic 
of steroid hormone receptors (8-11). Of the next 30 
residues, 28 are identical to hGR. These analyses 
demonstrated the isolation of a genomic fragment 
containing a sequence related to f but clearly distinct 
from, that found in the hGR cDNA sequence (see 
Experimental Section I). 

The insert from lambda HGH was used as a probe 
to screen cDNA libraries for clones corresponding to 
this hGR-r elated gene. Mineral ocorticoid receptor was 

Since kidney is known to be a miner alocorticoid- 
responsive tissue, several human kidney cDNA libraries 
were screened. Eleven positive clones were isolated 
from these lambda gtlO libraries at a frequency of 
three to four per 10 6 recombinant phage. Two over- 
lapping clones, lambda hk2 and lambda hklO, were sub- 
jected to nucleotide sequence analysis and together 
found to span 5823 nucleotides (Pigs. IV-2(A), 
IV-2(BJ-1 and IV-2(B) -2) . The exon-intron boundaries 
of lambda HGH were verified by sequencing these cDNA 
clones. The lambda hklO, encompassing nucleotides 1 to 
3750, con- tains a large open reading frame predicting 
the entire primary amino acid sequence. The DNA insert 
from lamb- da hk2 extends from nucleotides 802 to 5823, 
but con- tains an internal 351-bp deletion from 2235 to 
2586. Three additional clones were examined and 
determined to have the same structure as lambda hklO in 
the deleted region. It is likely that the deletion in 
lambda hk2 represents either a cloning artifact or a 
rare messenger RNA (mRNA) splicing error (18). The 
sequence of the reported 3* -untranslated region down- 
stream of nucleotide 3750 is derived from lambda hk2. 
The composite sequence of these two cDNA's is termed 
hMR (Pig. IV-2(A)). With the first in-frame ATG (posi- 
tion 223) downstream of an in-frame termination codon 
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(position 136), hMR has" a 5 '-untranslated region of at 
least 216 nucleotides. The sequence surrounding this 
first ATG agrees with the consensus described by Kozak 
5 (19). This predicted initiator methionine codon begins 
an open reading frame encoding 984 amino acids. 
Following a termination codon (position 3175) is a 
2 6-kb 3' -untranslated region with a typical 
polyadenylation signal (AATAAA) found 17 nucleotides 
10 upstream of a 70-nucleotide poly (A) (polyadenylated) 
tract. Long 3 '-untranslated regions are a 
characteristic feature of steroid hormone receptor 
mRNA's {&&£. Experimental Section I; also refs. 9-11). 
T Y , tv the P Nfi- ftw" wnPHnWR-BTNDINff REGIONS 

15 The procexri encuucu ~>j — 

structural properties of a steroid hormone receptor 
closely related to hGR. Comparison of the predicted 
amino acid sequence of hMR with that of hGR 
demonstrated high degrees of homology with both the hGR 
20 DNA binding and steroid binding domains. The hMR gene 
encodes a protein of 984 amino acids with a predicted 
molecular size of 107 kD, significantly larger than the 
777 residues of hGR. This size discrepancy is 
primarily due to the large amino terminus, which bears 
25 no homology to hGR. Considerable heterogeneity of size 
and sequence for this region exists between the 
receptors for glucocorticoid, estrogen, and 
progesterone (£££ Experimental Section I; also refs. 
9-11) . Amino acid homology begins in the centrally 
30 located DNA region with 94 percent amino acid identity 
i„ 68 residues (Pig. IV-3) . Separating the DNA-binding 
domain and the carboxyl-terminal steroid-binding domain 
is a region with relatively low sequence conservation 
found between other steroid hormone receptors. It has 
35 been speculated that the region may serve as a 
molecular hinge between the two domains (sas. 
Experimental Section II and ref. 13). Comparison with 
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hGR shows this region of hMR to contain an additional 
24 amino acids including a sequence of 4 glutamines 
followed by 8 prolines encoded by repetitive nucleotide 
elements. The significance of this unusual sequence in 
terms of origin and function is unclear , but 
structure-breaking prolines are consistent with a hinge 
region. A comparison of the carboxyl-terminal 250 
amino acids of hMR with hGR shows 57 percent amino acid 
identity as well as a number of conservative amino acid 
substitutions. Some of these substitutions may 
preserve hydrophobic regions necessary for steroid 
hormone interaction. 

IV. B. EXPRESSION AND HORMO NE RTWPTWG 

We have used transf ection of the monkey kidney 
cell line CV1 and its derivative (that is> SV40 T 
antigen-transformed) cell line COS-1 (referred to as 
COS) to study glucorticoid receptor function. ( See 
Experimental Section II.) High levels of polypeptide 
expression from transfected hMR were essential to 
facilitate steroid-binding experiments in transfected 
cells. Since plasmids containing the SV40 origin of 
replication can replicate to high copy numbers in COS 
cells, an expression vector for hMR coding sequences 
similar to pRShGR alpha, used previously in hGR . 
studies, was constructed. The plasmid, pRShMR, 
contains the hMR coding sequence, under the control of 
the promoter from Rous sarcoma virus, and the SV40 
origin of replication (Fig. IV-4 (A) ) . 

Ligand specificity of the hMR protein was 
determined by preparing cytosol extracts from COS cells 
transfected with pRShMR. Two days after transf ection, 
cells were harvested, and hormone binding was measured 
by a dextr an- treated charcoal assay. Mock-transf ected 
control extracts had no specific binding activity for 
[3h] aldosterone, whereas extracts from 
pRShMR-transf ected cells found significant amounts of 
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[3H]aldosterone with high affinity. A dissociation 
constant (K D ) of 1.3 nM for the binding of 
[3h] aldosterone was determined by a Scatchard analysis 
(Fig. IV-4(B)). This value is in good agreement with 

5 those reported for aldosterone binding to 

mineralocorticoid receptor (2, 20). Competition 
experiments were then performed to examine the ability 
of different unlabeled steroids to compete with 5 nM 
[ 3 H] aldosterone for binding when present at 1-, 10- f or 

10 100-fold molar excess (Fig. IV-4, (C) and (D) ) . This 
provided a measure of the relative affinity of each of 

experiments show that aldosterone, corticosterone, 
deoxycorticosterone, hydrocortisone (Cortisol) all have 

15 very similar affinities for hMR. Dexamethasone, 

progesterone, and spironolactone demonstrated weaker 
binding affinity while estradiol competed very poorly 
for binding to hMR* Overall, this hierarchy of 
affinities indicated that hMR encoded the human 

20 mineralocorticoid receptor (2, 20) . 

TY - P- TRAN SPRTPTTONAT, ACTIVATION 

Steroid hormone action is characterized by 
hormone-dependent modulation of target gene transcrip- 
tion. The assay for transcriptional regulation by 

25 transfected hGR in CVI cells (see Experimental Section 
II) was adapted to hMR (Fig. IV-5(A), (B) and (C) ) . 
The expression plasraid used for steroid-binding assays, 
pRShMR/ was cotransf ected with a reporter plasmid 
called GMCAT, which contains the MMTV LTR linked to the 

30 bacterial gene for chloramphenicol acetyltransf erase 
(CAT) . Thus CAT activity provides an enzymatic assay 
for the transcriptional activity of the MMTV promoter. 
The MMTV promoter contains several glucorticoid 
response elements (GRE's), enhancer-like DNA sequences 

35 that confer glucocorticoid responsiveness via 

interaction with the GR (21) . It was possible that 
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hMR, because of the near identity of its DNA-binding 
domain to that of hGR f might also recognize the MMTV 
LTR* When CV1 cells were cotransf ected with pRShMR and 
GMCAT, we observed full CAT activity. This activity 
was independent of added aldosterone suggesting that, 
in contrast to transf ected hGR, sufficient hormone was 
present in serum (fetal calf serum, 5 percent) to fully 
activate hMR (Pig. IV— 5 (B) ) • In the presence of 
charcoal- treated serum (22) CAT activity became 
responsive to the addition of exogenous aldosterone 
(Fig, IV-5(C)), indicating that hMR cDNA encodes a 
functional steroid hormone receptor. While the hMR was 
also activated by the glucocorticoid agonist 
dexamethasone f the hGR did not respond to even 
supraphysiological concentrations (10 nM) of 
aldosterone. 

TV. a. TTSSPE-SPECTFTC EXPRESSION 

We examined the expression of MR mRNA 
homologous to hMR cDNA in rat tissues by Northern blot 
hybridization (23). Classical mineralocorticoid target 
tissues such as kidney (24) and gut (25), as well as 
tissues such as brain, pituitary, and heart, contained 
mRNA homologous to hMR (Fig. IV-6) . 
Aldosterone-sensitive cells in kidney are primarily 
restricted to the distal and cortical collecting 
tubules (2) , and therefore a modest level of expression 
in this tissue was not unexpected. High levels of MR 
(type I corticosteroid-binding sites) have been 
reported in rat brain, particularly in the hippocampal 
formation (4,6). In comparing dissected hippocampal 
RNA with RNA prepared from total brain, we found a 
striking enrichment of message in the hippocampus. 
While aldosterone binding has been reported for 
pituitary (26), cultured aortic cells. (27) , and spleen 
(28), no such activity has been reported in muscle. 
Liver expresses GR, but has no detectable high-affinity 
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aldosterone-binding activity (29), and as would be 
expected no hybridization to liver RNA was observed. 
Reprobing of the same Northern blot with an analogous 
portion of hGR cDNA demonstrated hybridization to mRNA 
species of different sizes, and indicated that the MR 
and GR do show differential patterns of tissue-specific 
expression. 

jy. h- CH BQMQSQBE mapping 
To determine the chromosomal location of the 
mineralocorticoid receptor gene, we tested hMR against 
a panel of rodent-human somatic cell hybrids retaining 
different combinations of human chromosomes (30) . The 

r . . - f<>r ¥ha m.in'it alocot ticoid 

receptor gene segregated concordantly with human 
chromosome 4 in 15 hybrid cell lines. Discordant 
segregation was observed for all other human 
chromosomes, including chromosome 5, site of the 
glucocorticoid receptor gene (see Experimental Section 
I and ref. 31). To confirm the assignment to 
chromosome 4, we tested a restricted set of microcell 
hybrids, each of which carry one to three human 
chromosomes (32) , for the hMR gene by Southern analysis 
(Fig. IV-7). Six £caRI fragments detected by the 
25 coding portion of lambda hk2 co-segregate with 

chromosome 4 in this hybrid panel. In particular, the 
hMR gene is present in HDM-1132B, a cell line that 
carries chromosome 4 as its only human chromosome. 
T w T. TMP T-Tr&TTONq FP P anREMAL 
rppTTrnsT pprvm physiology 
Human mineralocorticoid receptor cDNA encodes 
a polypeptide that is highly homologous to the human 
glucocorticoid receptor. In the DNA-binding domain, 
hMR maintains approximately 94 percent amino acid 
identity to hGR while the steroid-binding domain 
localized in the carboxyl terminus has 57 percent 
identity. The recently reported sequence (11) of the 
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rabbit progesterone receptor (rPR) also has a high 
degree of r elatedness to hMR. Comparison of the amino 
acid identity in hGR and rPR structural domains with 
; that of hMR (Fig. IV-8) demonstrates the remarkable 
similarity of these functionally distinct regulatory 
proteins. The homology of hMR with rPR is almost 
identical to the hGR-hMR comparison, with 90 percent of 
the amino acids shared in the DNA-binding domain and 56 
L0 percent in the steroid-binding region. In contrast, a 
comparison of the same regions of hMR with human 
estrogen receptor (10) indicates 56 percent identity in 
the DNA binding domain and 21 percent sequence identity 
. : „ v u 0 e^orni-i-h^flina carboxvl terminus. The degree 
15 of structural homology shared by hMR, hGR, and rPR, and 
the structural r elatedness of their ligands, suggests 
that they may comprise a subfamily of steroid hormone 
receptors. 

Expression of the hMR polypeptide in COS cells 
20 by transient transfection permitted the evaluation of 
its steroid-binding potential. The results of these 
analyses indicated that hMR cDNA encodes a human 
mineralocorticoid receptor. Scatchard analysis 
demonstrated that extracts from cells transfected with 
25 pRShMR bound [3h] aldosterone with a K D of 1.3 nM, while 
reported K D values for aldosterone binding to MR range 
from 0.5 to 3 nM (2). This is the single most 
important criterion in defining this gene product as 
the human mineralocorticoid receptor. Steroid-binding 
30 competition studies have further supported this 
identification of hMR. The mineralocorticoid 
deoxycorticosterone and the glucocorticoids 
corticosterone and Cortisol compete as effectively as 
aldosterone itself, whereas the synthetic 
35 glucocorticoid dexamethasone and progesterone have 
lower affinities for the hMR. 

The extensive amino acid sequence identity in 
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the presumptive steroid-binding domains of hMR, hGR, 
and rPR is compatible with the similar ligand-binding 
properties of these receptors. The mineralocorticoid, 
glucocorticoid, and progesterone receptors exhibit a 
limited ability to discriminate between the similar 
21-carbon atom structures of the mineralocorticoids, 
glucocorticoids, and progestins. This lack of 
specificity is particularly relevant to the MR and GR. 
For example, the MR binds glucocorticoids with an 
affinity equal to that for aldosterone. Indeed, it may 
be that only in tissues such as kidney, where 
additional mechanisms confer selective response to 
aldosterone, does the MR function as a classical 
mineralocorticoid receptor (3, SJ . The «R axsu uxaud 
progesterone with a high affinity, but one lower than 
its affinity for corticosteroids. There is some 
indication that progesterone may act as a partial 
agonist or antagonist of mineralocorticoid action (33) , 
and it is not clear whether glucocorticoids act as full 
agonists in binding to the mineralocorticoid receptor. 
Similarly, the GR binds glucocorticoids with a K D 
between 20 to 40 nM and it binds aldosterone with a K D 
between 25 to 65 nM (2). Therefore, the important 
distinction between the hormone-binding properties of 
MR and GR may not be one of ligand specificity, but 
rather of a high-affinity versus a lower affinity 
receptor for the corticosteroids. 

The function of the hMR in aism is complicated 
by the serum cortisol-binding protein, transcortin. 
This protein sequesters Cortisol and, because of its 
differential distribution, transcortin could influence 
local glucocorticoid concentration. High levels of 
transcortin in kidney would reduce available Cortisol 
35 from plasma to favor aldosterone sensitivity, whereas 
low levels of transcortin in the brain would suggest 
that, in the central nervous system, glucocorticoids 
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may be the predominant hMR ligand. Thus, the preferred 
physiologic ligand for hMR apparently varies depending 
on the site of receptor expression (3) . This model and 

; others (5) have been proposed to explain the 

responsiveness of some tissues to aldosterone despite 
much higher levels of competing glucocorticoids. 

The degree of homology between hMR and hGR in 
the DNA-binding domain (only four amino acid residues 

10 differ in this conserved 68-residue region) suggests 
that these receptors may recognize similar regulatory 
elements. The activation of the MMTV LTR by the 
transfected hMR in response to both aldosterone and 

15 progesterone receptor has also been demonstrated to 

regulate this promoter (21). Furthermore, differences 
between hMR and hGR in the DNA-binding domain, or in 
other regions such as the highly divergent amino 
termini of these molecules, may influence target gene 
20 specificity in ways not revealed in this assay. 

However, we have utilized transcriptional regulation of 
the MMTV LTR by hMR and hGR to examine their activation 
by mineralocorticoids and glucocorticoids. While the 
hMR response was approximately equivalent with either 
25 10 nM aldosterone or dexamethasone, hGR was activated 
by dexamethasone but was insensitive to aldosterone in 
this assay. Transcriptional activation by hMR in 
response to exogenous Cortisol was also observed. These 
data indicate that in transfected cells both 
30 mineralocorticoids and glucocorticoids can activate 

hMR-mediated gene transcription. On the basis of this 
functional property, we conclude that the hMR is highly 
responsive to adrenal corticosteroids and therefore may 
function as a glucocorticoid receptor. 
35 in addition to elucidating the pharmacologic 

and physiologic function of the mineralocorticoid 
receptor in coordinating response to corticosteroids, 
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the isolation of hMR cDNA will facilitate investigation 
of the role of hMR in a number of disease states, among 
them hypertension and pseudohypoaldosteronism (PHA) . An 
association of mineralocorticoids with hypertension has 
been recognized for several decades f and it may be that 
hMR-mediated sodium retention and increased blood 
volume are, in part, responsible for some forms of 
hypertension (34) . PHA is an autosomal recessive 
disorder characterized by lack of responsiveness to 
normal or elevated aldosterone levels. Recent work has 
demonstrated diminished or complete loss of 

with this disease (35) which is likely to result from a 
mineralocorticoid receptor genetic defect* The 
15 chromosomal mapping of the hMR gene suggests the PHA 
locus should reside on chromosome 4. 

Cloning and expression of functional hMR has 
provided unexpected insight and should stimulate new 
interest into the mechanisms underlying physiologic 
complexity, and allow the development and testing of 
new models for the coordinate regulation of gene 
networks. 

JV- -T- DBTATT.Rn nSSCP TPTTON OP PTGDRES 
RRPBPRRn TO TN EXPEPTMENrTAT. SECT TON IV 

25 p^gnro tv-1 (A). (&) , (C) and (D). 

Isolation of a genomic sequence related to the 
hGR gene. (A) High-stringency Southern analysis of 
human placenta DNA digested with the indicated 
restriction endonucleases. hGR cDNA (hGRl.2) was used 
as a probe. Sizes of lambda DNA fragment markers (in 
kilobase pairs) prepared by flindlll digestion are 
indicated next to the autoradiogram. (B) 
Low-stringency Southern analysis. The 2.5-kbp band 
bracketed by asterisks in the flindlll lane was the 
sequence targeted for direct genomic cloning. (C) 
Isolation of this genomic sequence in a clone 
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designated lambda HGH is demonstrated by its use as a 
probe on a similar Southern blot. The lambda HGH 
genomic fragment contains the hybridizing internal 
EroR l fragment isolated from this cloning. (D) The 

5 intron-exon structure of the lambda HGH genomic 

fragment and its homology with hGR. The hGR-related 
exon found within lambda HGH is boxed in black with its 
predicated amino acid sequence. Conserved cysteine 
residues are indicated with white dots. Portions of 

10 intron sequence with consensus splice donor and 

acceptor sites underlined are shown flanking the exon. 
Nucleotide homology with the hGR is shown underneath. 
Nucleotide numbers for hGR are from Figure 1-2(1) and 
1-2(2), discussed in Experimental Section I; also 

15 Hollenberg, et al. (1985) (ref. 8) for publication of 
the study used herein as Experimental Section I. For 
Southern analysis, we digested DNA from human term 
placenta with restriction endonucleases, and products 
were separated on a 0.8 percent agarose gel. The DNA 1 s 

20 were transferred to nitrocellulose paper and hybridized 
under either stringent or nonstringent conditions. 
Stringent hybridization was performed with 50 percent 
formamide, 5 x SSPE (NaCl, NaH 2 P04 f EDTA, pH 7.4), 1 x 
Denhardt^s, 0.1 percent SDS, salmon sperm DNA at 100 

25 microgr am/ml, and probe (10* cpm/ml) at 42°C. For 

nonstringent hybridization, 35 percent rather than 50 
percent formamide was used. Washing conditions 
consisted of 0.1 x SSC (standard saline citrate) with 
0.1 percent SDS at 60oc for stringent analyses and 2 x 

30 SSC with 0.1 percent SDS at 55^0 for nonstringent 

filters. Washing conditions with the 338-bp inset from 
lambda HGH as probe were modified to 2 x SSC with 0.1 
percent SDS at 680c. For isolation of lambda HGH, 
human placenta DNA (300 microgram) was digested with 
35 EL i ndill and size-fractionated on a 1 percent 

low-melting agarose gel. (Seaplaque, FMC) . The gel was 
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sliced in 0.5-cm strips, and the DNA was purified by 
phenol extraction and ethanoi. precipitation. DNA (2 
microgram) from the fraction corresponding in size to 
the band bracketed by asterisks in (B) was repaired 

5 with Klenow DNA polymerase for EcnRI linker addition. 
After digestion with EcoRI and removal of excess 
linkers on a Sepharose.4B column, this DNA was ligated 
to EsoRI-digested lambda gtlO DNA and packaged in v i tro 
(lambda arms and extracts from Vector Cloning Systems, 

10 San Diego r California)* About 4 x 1Q 5 independent 

recombinants were screened under conditions identical 
to tnose used zot tne aoaacx xngeac jwuuiciii cu*a.t jf~-w 
obtain lambda hGH. 
EigUES TV-2 (A\ and fB). 

15 Nucleotide sequence and primary amino acid 

structure of human mineralocorticoid receptor. (A) 
Composite structure of hMR aligned with a line diagram 
of some restriction endonuclease cleavage sites (ZzaRl 
sites shown at nucleotides I and 5823 and derived from 

20 linkers). The composite was assembled from two 

overlapping lambda gtlO clones, lambda hklO and lambda 
hk2. Parentheses in the line diagram of lambda hk2 
indicate a 351-bp deletion. The hatched box indicates 
predicted coding sequence with initiator and 

25 termination codons indicated. (B) Complete nucleotide 
sequence of hMR and its predicted primary amino acid 
sequence. Underlined are a 5 ! in-frame termination 
codon upstream of the predicted initiator methionine 
and four potential polyadenylation sites (A AT AAA) . 

30 Human kidney lambda gtlO libraries (18) were screened 
with the insert from lambda HGH under the same 
conditions described for Southern analysis under 
high-stringency conditions with this probe. Overlapping 
deletions of each cDNA were obtained (36) by the 
35 Cyclone rapid deletion subcloning method (International 
Biotechnologies). Deletion clones were 
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sequenced by the dideoxy procedure (37) r and any gaps 
or ambiguities were resolved by the chemical cleavage 
method (38). DNA sequences were compiled and analyzed 
by the programs of Devereux, et al. (39) and Staden 
(40). 

Figure TV-3, 

Amino acid homology of mineralocorticoid 
receptor with glucocorticoid receptor* The primary 
amino acid sequence of hMR has been aligned with that 
of hGR for maximum homology by introducing gaps as 
indicated by dots. Numbers were taken from Figs. 
IV-2(B)-1 and IV-2(B)-2 for hMR and from Figure 1-2(1) 
and 1-2(2) for hGR. No significant homology was found 
upstream of the region shown. Vertical lines indicate 
identical amino acid residues. Arrows show putative 
boundaries of the DNA-binding (DNA) and steroid-binding 
(Steroid) domains. The amino-terminal border of the 
DNA-binding domain was arbitrarily defined by the first 
conserved cysteine residue while the carboxyl-terminal 
limit was chosen on the basis of mutagenesis studies 
which indicated sequences necessary for DNA-binding and 
transcriptional activation (15) . Several conserved 
basic residues that follow the DNA binding domain may 
also be important for these functions. The limits of 
the steroid-binding domain , while defined by the region 
of amino acid homology, are also consistent with 
mutational analysis. Single letter abbreviations for 
the amino acid residues are: A r Ala; C, Cys; D r Asp; E, 
Glu; F, Phe f G f Gly; H, His; I, lie; K, Lys; L f Leu; M f 
Met; N f Asn; P, Pro; Q f Gin; R r Arg; S, Ser; T, Thr; V f 
Val; W, Trp; and Y, Tyr. 
Figure TY-4 f A) r fB) r fC) flnri fD) . 

Steroid-binding properties of expressed hMR. 
(A) Structure of pRShMR, the hMR expression plasmid 
(41) . (B) Scatchard analysis of tritiated aldosterone 
binding in extracts prepared from pRShMR-transf ected 
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COS cells. Each point was assayed in triplicate with 
100 micrograms of extract protein in a 200-microliter 
incubation at ooc for 2.5 hours. The nonspecific 
5 binding determined with a 500-fold excess of unlabeled 
aldosterone was approximately 20 percent of total 
counts. No specific binding was seen in 
mock-transfected cells. (C and D) Competition of 
unlabeled steroids for binding with 5 nM 
10 [ 3 H] aldosterone in transfected COS cell extracts. The 
results of two independent trials representative of 
these competition experiments are shown. Cold 
competitor was present in 1-, 10-, or 100-fold molar 
excess. The value for 100 percent binding was 
15 determined by subtracting the number of counts per 
minute bound in the presence of 1000-fold excess of 
unlabeled aldosterone from the counts bound in the 
absence of competitor. Abbreviations: Aldo, 
aldosterone, Doc, deoxycorticosterone; Dex, 
20 desaraethasone; Spiro, spr ionolactone; E21, 17 

beta-estradiol; CS, corticosterone; HC, hydrocortisone; 
and Prog, progesterone. Subconfluent COS cells were 
transfected by the DEAE-dextran method (42) with 10 
micrograms of pRShMR per dish. Cells were maintained 
25 for 2 days in DM EM (Dulbecco's modification of Eagle's 
minimum essential medium) with 5 percent 
charcoal-treated fetal calf serum, then harvested tin 
40 mM tris-HCl (pH 7.8), 10 mM NaCl, 1 mM EDTA, 10 mM 
Na2Mo04, 5 mM dithiothreitol, antipain (5 
30 microgr am/ml) , leupeptin (5 micr ogr am/ml ) , and 500 
microM phenylmethylsulfonyl fluoride. After 
centrifugation at 15,000 x g for 10 minutes, extracts 
were adjusted to 100 mM NaCl and 5 percent glycerol 
before binding. Labeling reactions with 
35 [3H]aldosterone (specific activity 78 Ci/mmol, 

Amersham) were incubated for 2.5 hours at 0©c in a 
total volume of 200 microliters, and then for 10 
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minutes with 20 microliters of 50 percent 
dextran-coated charcoal (10:1 activated 
charcoal :dextr an) . After centrifugation at 15 f 000 x g 
for 2 minutes at 40c, tritium in supernatant was 
quantified by liquid scintillation spectrophotometry. 

Figure TV-5 (A) . (EH and (C) , 

Transcriptional activation of MMTV LTR by hMR 
and hGR expression plasmids in transfected CVI cells. 
(A) Structure of GMCAT. This plasmid was cotransf ected 
with the steroid receptors as a reporter gene for 
hormone-dependent transcriptional activation (see 
Experimental Section II) . (B) Differential CAT enzyme 
activity found after hMr or hGR transfection with 
normal serum, Transfected cells were maintained in 
DMEM with 5 percent fetal calf serum. Serum was 
treated with charcoal to eliminate free steroids in 
subsequent experiments so that the- effects of exogenous 
steroids could be determined^ (C) Differential 
induction of CAT activity by aldosterone or 
dexamethasone in cells transfected with hMR or hGR. CVI 
cells were cotransf ected with 10 micrograms of either 
pRSVgal (control) r pRShMR, or pRShGR alpha and 10 
micrograms of the reporter GMCAT and cultured in the 
absence {-) or presence of 10 nM aldosterone (A) or 10 
nM dexamethasone (D) . AC, 3-acetylchloramphenicol; C, 
chloramphenicol. Two days after transfection by 
calcium phosphate coprecipitation (43) r extracts were 
prepared for CAT assay (44) . The assays were incubated 
for 6 hours with 50 micrograms of protein extract. 
Figure TV-fi. 

Northern analysis of mineralocorticoid 
receptor mRNA 1 s in rat tissues. The 127Q-bp EcqR I 
fragment (1770 to 3040) from lambda hklO was used as a. 
probe for the expression of homologous mRNA's in rat. 
Ten micrograms of poly (A) + mRNA was used in all lanes* 
Migration of ribosomal RNA's (28S and 18S) are 
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indicated for size markers. After hybridization under 
stringent conditions, the filter was washed twice for 
30 minutes each time in 2 x SSC with 0.1 percent SDS at 

680C. 

5 Figure* TV-7. 

Chromosomal localization of hMR gene by 
Southern analysis of microcell hybrids. The 
construction and characterization of these hybrids has 
been previously described (32) . The human chromosome 

10 content of each is as follows: HDm-4A (chromosome 20) , 
HDm-5 (chromosome 14 and an unspecified E group 
chromosome) , HDm-y (chromosomes -iu, ±*, a«a , uum 
(chromosomes 21, 11, and 4), HDm-20 (chromosomes 7 and 
14), and HDm-1132B (chromosome 4 only). Buman (HeLa) 

15 and mouse (3T#) control DNA samples are also shown. 
Genomic DNA from microcell lines (10 micrograms) was 
digested with £cjd.RI and subjected to electrophoresis 
through a 1.0 percent agarose gel, transferred to a 
nylon membrane (Nytran) Schleicher & Schuell) , and 

20 hybridized with a hMR cDNA probe under high-stringency 
conditions (Fig. IV-l(A)). Radioactive probe was 
synthesized by the Klenow fragment of Fischer i ch i a call 
DNA polymerase from two randomly primed (45) hMR cDNA 
templates (the 1000- and 800-bp ficaRI fragments of 

25 lambda hk2) . The sizes of fliadlll-digested lambda DNA 
fragments are indicated next to the autoradiogram. 

F1T ,T,C> TV ~ ft - 

Schematic amino acid comparisons of the hGR, 

hMR, and rPR structures. Primary amino acid sequences 

30 have been aligned schematically with the percentage 

amino acid identity indicated for each region of 

homology in the intervals between dotted lines. The 

amino acid position of each domain boundary is shown 

for each receptor. N and C represent the amino and 

35 carboxyl termini, respectively. Cys corresponds to the 

cysteine-rich region encoding the putaive DNA-binding 
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domain while Steroid (Cortisol, aldosterone, or 
progesterone) designates the steroid-binding domain. 
The immunogenic region (IMM) of the hGR is also 
5 indicated. Amino acid residue numbers are taken from 
(see Experimental Section I) for hGR, Loosfelt, et al. 
(11) for rPR, and from our data for hMR. 
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pVPRBTMEWTAT. SECTION V 
IDENTIFICATION OF A NEW CLASS OF 
STEROID HORMONE RECEPTORS 
V, Pi TMTPonnrTTnM 
The gonads and adrenal glands produce a large 
variety of steroids classified into five major groups 
which include the estrogens, progestins, androgens, 
glucocorticoids and mineralocorticoids. Gonadal 
steroids control the differentiation and growth of the 
reproductive system, induce and maintain sexual 
characteristics and modulate reproductive behavior. 
Similarly, adrenal steroids influence differentiation 
In addition to their vital roles as metabolic 
15 regulators. Despite this wide range of physiological 
actions, the effects of each steroid rest primarily 
upon the specific cognate receptors which it binds, and 
therefore steroid hormone action might be more 
precisely classified according to the receptors that 
20 mediate their biologic action. The successful cloning, 
sequencing and expression of the human . glucocorticoid 
receptor (hGR) cDNA (ssa Experimental Section I, which 
was published as ref. 1), soon followed by those 
encoding the estrogen2,3 (hER) , progesterone* (hPR) , 
and raineralocorticoid (hMR receptors) (z&S. Experimental 
Section IV, which was published as ref. 5) , plus 
homologues from various species6-H, provide the first 
opportunities to study receptor structure and the 
molecular mechanisms by which these molecules modulate 
gene expression. Sequence comparison and mutational 
analysis of these proteins reveal structural features 
common to all classes of steroid hormone receptors 
Experimental Section II which was published as ref. 12; 
also refs. 13 and 14). In particular, the 
35 receptors share a highly conserved cysteine rich 

region, now referred to as the DNA-tau domain, that 
contains all the information required for both 
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DNA-binding and trans-activation functions of the 
glucocorticoid receptor^* The presence of a common 

segment between receptors provides the possibility of 
scanning the genome for related gene products. For 
example, hMR cDNA was isolated by using the hGR as a 
hybridization probe (fififi. Experimental Section IV, which 
has been published as ref. 5). One way that molecular 
biology can advance our understanding of health and 
human disease and the physiology that governs these 
events is through the identification of new hormone 
response systems. In this study, using the highly 
conserved DNA-tau region of the human estrogen receptor 

obe, we have isolated two 
cDNA clones encoding polypeptides that comprise the 
structural features of the steroid hormone receptors. 
y n. cPW& rr.nwES php receptor hERftl 
One approach to search for unrecognized 
hormone response systems is to systematically employ 
reduced stringency hybridization to screen recombinant 
DNA libraries for novel hormone receptors. The DNA-tau 
segment of the estrogen receptor was used to initiate 
these studies. Analysis of a lambda gtlO human testis 
cDNA library identified 3 positives at a frequency of 
one clone per 3 x 10* recombinant phages. Nucleotide 
sequence analysis revealed that two of these clones 
actually encode the estrogen receptor while the third 
one, spanning 2.0 kilobases and named lambda hT16, 
showed only partial sequence homology. In turn, this 
clone was used to screen human fetal kidney and adult 
heart cDNA libraries, resulting in the identification 
of 3 additional clones. Both clones from the kidney 
library,, lambda hKE4 and lambda KA1, represent the same 
gene product as lambda hT16 while the cardiac clone, 
35 lambda hH3, is only partially related. The composite 
sequence of the three cDNA's sharing identical 
sequences, herein referred to as hERRl, is shown in 
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Figures V-l (B) -1 and V-l(B)-2. Assuming a poly (A) tail 
of -150-200 nucleotides!?, this sequence ("2430 nt) 
must be nearly full length. The cDNA insert from lamb- 
da hKAl contains nucleotide 179 to 2430 while lambda 
5 hKE4 represent a rare messenger RNA splicing error with 
deletion of exon 2 and insertion of intron sequences. 
The exon/intron boundaries suggested by lambda hKE4 
were confirmed by cloning and partially sequencing the 
genomic fragments encoding this gene (data not shown) . 
10 The sequence surrounding the first ATG agrees with the 
concensus described by Kozak* 8 for a translation 
initiation sice, an open reading r^aiue umllm 
acids predicting a polypeptide of Mr 57300 is flanked 
by a 775 nucleotide 3 '-untranslated region. 
l5 v. r. rPMA rt.nMR for RRCEPTOR hERR2 

The characterization of clone lambda hH3 re- 
veals it to encode a unique polypeptide highly related 
to hERRl. Figures V-2(B)-1 and V-2(B)-2 show the 2153 
nucleotide sequence of lambda hH3 and the primary 
20 structure of the protein product designated hERR2. The 
translation initiation site was assigned to the 
methionine codon corresponding to nucleotides 100-102 
because this is the first ATG triplet that appears 
downstream from an in-frame terminator TGA (nucleotides 
25 31-33). An open reading frame containing 433 amino 

acids encodes a polypeptide of Mr 47600 and is followed 
by a 3 '-untranslated region of 752 nucleotides. 

v. n. r.p ap&rTEBT7.ATTON OF hERRl AND hERR2 
As mentioned earlier, steroid hormone 
receptors are composed of distinct functional domains 
that can be identified by sequence analysis 14 . The 
predicted hERRl and hERR2 polypeptides contain the 
expected domain features of steroid receptors. Amino 
acid comparison between hERRl and hERR2 shows that 
these two proteins have divergent amino termini and 
that no homology can be detected with other classes of 
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receptor within this region (data now shown) . This 
finding is in agreement with previous comparison 
studies (££fi Experimental Section IV; also see refs. 

5 5,8,10,14) which showed this region to be hyper variable 
in sequence. Alignment of the carboxy-terminal region 
of hERRl, hERR2, hER and hGR (Fig. v-3) shows that the 
highest degree of homology between these proteins is 
found in a cysteine-rich region of 66 amino acids, 

10 corresponding to the DNA-taii domain, {see Experimental 
Section II; also see tef. 15) of the steroid hormone 
receptors, located between amino acid 175 and 240 of 
hERRl. There is a 91% amino acid identity in the 

. r s.rr^' 1 t-- wtrt> , 0*> GQ% HFP z\"*<* ^£Sr 

W *U W ... — • w »i - — •■• 

15 with hGR. The positions of the 9 cysteine residues are 
strictly conserved but the absence of a histidine 
residue at position 206 of hERRl and position 134 of 
hERR2 marks a major difference with the previously 
described steroid hormone receptors. It was originally 
20 thought that this histidine residue might be involved 
with the conserved cysteine residues in the formation 
of a DNA-binding finger. The recent demonstration that 
this histidine residue is also absent in the 
corresponding amino acid sequence of the vitamin D 
25 receptor 19 , another member of the ligand-binding 

transactivation factor superfamily, suggests that Zn 2+ 
atoms interact exclusively with cysteine residues in 
order to coordinate the formation of the proposed 
DNA-binding fingers present in those proteins. The 
30 putative steroid binding domain, positioned between 
amino acid 295 and 521 of hERRl, shows 63% identity 
when compared to hERR2, 36% to hER and 28% to hGR. 

y. P.. TTRSTTB nTfiT PTWHTTOW OP 
fflpfl&'c FOP hERRl &Wn hBRR2 

35 steroid receptors are expressed in 

characteristic tissue specific patterns that directly 
correlate to their primary physiologic effects. 
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Perhaps, the distribution of these putative receptors 
would provide a clue to their hidden identity. 
Accordingly, total RNA isolated from a variety of rat 
and human tissues was fractionated on 
5 forraaldehyde-agarose gel electrophoresis and 

transferred to nitrocellulose filters. Using lambda 
hKAl as a probe, a 2.6 Kb mRNA encoding hERRl was 
detected in all rat and human tissues analyzed, with 
surprisingly high levels in the cerebellum and 
10 hippocampus and the lowest levels seen in the liver, 
Lunas, seminal vesicles and spleen (Fig. V-l (A) ) . 
Thus, it appears that the hERRl gene is widely ana 
abundantly expressed, although present in much higher 
levels in the rat central nervous system. In contrast 
15 to the hERRl mRNA expression pattern, the distribution 
of the mRNA encoding the hERR2 protein is restricted to 
a few specific tissues where very low levels of mRNA 
can be detected (Fig. V-4(B)).. Using a probe derived 
from the clone lambda hH3, a 4.8 Kb mRNA was detected 
20 in kidney, heart, testis, hypothalamus, hippocampus, 

cerebellum and rat prostate. However, no hybridization 
could be detected in the human placenta or prostate. 
Considering the difference in exposure time and the 
resulting signal intensity, levels of hERR2 mRNA are 
25 approximately 10 to 100-fold lower than that of hERRl. 
\t. p. nnMor.nrcv betwe en hERRl and hERR2 
Prior studies indicate that the degree of 
homology of the ligand binding domains between the 
steroid hormone receptors reflects the structural 
30 relatedness of their ligands. For example the hGR, hMR 
and hPR, which show 56% identity in their ligand 
binding domains ( see Experimental Section IV) , bind 
closely related hormones. Indeed the hMR binds 
glucocorticoids with an affinity equal to that of 
35 aldosterone, and also binds progesterone with 

relatively high affinity (aae. Experimental Section IV) . 
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In the case of the hERR gene products, amino acid 
sequence homology reveals a relatively more distinct 
relationship with hER r 70% in the DNA-tau region and 
36% in the steroid binding region (Fig. V-5) . These 

5 levels of homology are lower than those observed 
between hGR, hMR and hPR and thus predict that the 
putative hERR proteins interact with a class of steroid 
hormones distinct from the estrogens. However r the 
homology between hERRl and hERR2 suggests that they are 

10 receptors for either a single or two closely related 
steroid metabolites. Preliminary steroid binding 
scuaies using the produces of jlh vitro cransiation or 
capped SP6 RNA produced from hERRl and hERR2 coding 
sequences or expression of the two cDNA's in COS-1 

15 cells ( see Experimental Sections IV and II) have failed 
to demonstrate binding of any major classes of 
steroids r including estrogens and androgens. 

Yi G. CONCLUSION 
The tissue distribution of hERRl and hERR2 

20 irtRNA' s expression suggests that each putative receptor 
will control distinct biological functions. How might 
the functions of these steroid hormone receptors have 
been overlooked? Most likely many of their activities 
have erroneously been attributed to other receptors 

25 with differences being classified as atypical effect . 
The recent identification of neuronal steroids 20 r 21 
provides evidence for new steroid hormones with 
possible paracrine actions within the brain. Such 
systems could have easily escaped previous 

30 physiological detection. Thus, the isolation two novel 
steroid hormone receptor cDNA's marks the first step 
toward identifying a new hormone response system. 
xr. ff. DERAILED nRSCRTPTTOw op FTftnpRg 

REFERRED TQ IN EXPERIMENTAL SECTION Y 
35 Figurft V-I (A) and CBJ > 

Restriction map (A) and DNA sequence and 
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predicted amino-acid sequence (B) of hERRl. A, The 
composite cDNA for hERRl is represented at the top, 
with noncoding (thin line) and coding (stippled 
portion) sequences indicated. Common 6-nucleotide 

5 restriction enzyme sites are drawn above the linear 
map. Overlapping cDNA inserts used to determine the 
sequence are shown. The wavy line near the 5' end of 
lambda hKE4 indicates divergent sequence. B, 
Nucleotide sequence of the composite hERRl cDNA with 

10 the deduced amino acids given above the long open 
reading frame. 

The clone lambda hT16 was isolated from a 
human testis lambda gtlO cDNA library (Clonetech) using 

15 a nick-translated22 446-bp Sgll-fiamHI fragment isolated 
from pER945, a linker-scanning mutantl2 derived from 
the hER cDNA (V. Giguere and R.M. Evans, unpublished 
data) . The hybridization mixture contained 35% 
formamide, IX Denhardt's, 5X SSPE f 0.1% sodium dodecyl 

20 sulfate (SDS) / 100 micrograms ml" 1 denaturated salmon 

sperm DNA and 106 c.p.m. ml-1 of 32 P -i a beled SsLI-BamHI 
fragment (>108 cpm/microgram) . Duplicate 
nitrocellulose filters were hybridized at 42°C for 16 
h, washed three times for 20 min each in 2X SSC, 0.1% 

25 SDS (1 X SSC=150 mM Nacl f 15 mM sodium citrate) at SS^C 
and autoradiographed at -70OC with an intensifying 
screen. The clones lambda hKE4 and lambda hKAl were 
isolated from a human kidney lambda gtlO cDNA library23 
using the nick-translated insert from lambda hT16. For 

30 this screening/ the hybridization mixture was modified 
to 5 0% formamide .and washing conditions to 2X SSC with 
0.1% SDS at 680C. The cDNA clones were digested with a 
number of restriction enzymes and the resulting 
fragments were subcloned in both orientations into the 

35 M13 sequencing vectors mpl8 and mpl9 and sequenced by 
the dideoxy procedure 2 4 f and any gap or ambiguities 
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were resolved by the chemical cleavage method 25 . DNA 
sequences were compiled and analyzed by the programs of 
Devereux, et al. 26 and Staden 27 . 
Elgure V-2 (A) and fB) . 

5 Restriction map (A) and DNA sequence .and 

predicted amino-acid sequence CB) of hERR2. A, 
Schematic representation of hERR2 . cDNA; some common 
restriction enzyme sites are indicated. The stippled 
box represents the predicted open reading frame. B, 

10 The complete nucleotide sequence of lambda hH3 is shown 
with *-he ntsdxcted amino acid secruence qiven above the 
long open reading frame, A short open reading frame in 
the 5» untranslated region is shown in bold type* 

Fi gure V- 3 (A\ and (Bl Methods . 

15 The clone lambda hH3 was isolated from a human 

heart lambda gtll cDNA library (gift from Dr. L.A. 
Leinwand, Albert Einstein Col. of Med.) using a 
nick-translated 700-bp EcoR l- Sma l fragment representing 
the 5' portion of lambda hKAl. Hybridization and 

20 washing conditions and sequencing strategies were as 
described in Fig. V-l(A) and (B) for the screening of 
the human kidney library. 
Figure 

Amino acid sequence comparison between the 
25 carboxy-terminal regions of hERRl, hERR2, the human 

oestrogen and glucocorticoid receptor s. The four amino 
acid sequences were aligned for maximum homology by 
introducing gaps as indicated by hyphens. Numbers were 
taken from Pigs. V-I(B)-1 and V-l(B)-2 and V-2(B)-1 and 
30 V-2(B)-2 for hERRl and hERR2 , from Figure 1-2 for hGR 
and Green, et al. 2 for hER. Amino acid residues 
matched in at least three of the polypeptides are 
boxed. The asterisk above residue 206 of hERRl 
indicates the position of the histidine residue present 
35 in the hER sequence but absent in both hERRl and hERR2 
sequences. 
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£jj3UJLe V=A fAl and (B) . 

Northern blot hybridization analysis of hERRl 
(A) and hERR2 (B) mRNA's in rat and human tissues. 

pjgnrP V-4 (A) * nri (Bl Methods, 

5 Total RNA was isolated from various tissues 

using guanidine tiocyanate 28 , separated on 1% 
agarose-f ormaldehyde gel r transferred to 
nitrocellulose, and hybridized under stringent 
conditions using a nick-translated ££aRI-JSmaJ fragment 

10 from lambda hKAl (a) and a nick-translated 1192-bp 
EcoR I-Hiadlll fragment from lambda hH3 (b) . Twenty 
micrograms of total RNA was usea in an j.ari«^# 
Migration of ribosomal RNA 1 s (28S and 18S) are 
indicated for size markers* The nitrocellulose filters 

15 were autoradiographed at -70°C with an intensifying 
screen for 24 h (a) and 6 days (b) . Apparent 
difference in migration rate of the mRNA in (a) is an 
artifact from the gel* 
Figure V-5. 

20 Schematic amino acid comparisons between hERRl 

and hERR2, hER, hGR and human thyroid hormone receptor 
(I1T3R beta). Amino acid sequences have been aligned 
schematically according to the functional domain 
structure of the steroid and thyroid hormone receptors 

25 super f amilyl 4 . The percentage of amino acid identity 
of each receptor with hERRl is indicated inside each 
domain. The amino acid position of each domain 
boundary is shown for each receptor. 
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EXPERIMENTAT, SECTION VI 
A c-erb-A BINDING SITE IN THE RAT GROWTH HORMONE 
GENE MEDIATES TRANSACTION BY THYROID HORMONE 

YT. h. TNTRQDTTCTION 
5 The substance 1, 3 ,3 -triiodothyronine (T3) 

stimulates growth hormone gene transcription in rat 
pituitary tumor cells!"" 4 . This stimulation is thought 
to be mediated by the binding of nuclear T3 receptors 
to regulatory elements 5 f to the transcriptional start 
1Q site 5 " 8 . Understanding of the mechanism by which 

thyroid hormone activates gene transcription has been 
limited by failure to purify nuclear T3 receptors 
because of their low abundance, and by the absence of 
defined T3 receptor-DNA binding sites affecting T3 
15 regulation. Recently, human and avian c- erb -A gene 
products have been shown to bind thyroid hormone with 
high affinity (see Experimental Section III f which has 
been published as ref . 10; also see ref 9) and to have 
a molecular weight and nuclear association 
20 characteristic of the thyroid hormone receptor. In the 
present study f we describe the development of an 
avidin-biotin complex DNA-binding assay which can 
detect specific/ high-affinity binding of rat pituitary 
cell T3 receptors to the sequence 5 1 CAGGGACGTGACCGCA3 1 r 
25 located 164 base pairs 5 1 to the transcriptional start 
site of the rat growth hormone gene. An 
oligonucleotide containing this sequence transferred T3 
regulation to the herpes simplex virus thymidine kinase 
promoter in transfected rat pituitary GC2 cells f and 
30 specifically bound an in vitro translation product of 
the human placental c-erb-A gene. The data provide 
supporting evidence that human c-erb-A gene mediates 
the transcriptional effects of T3 and also that GC2 
cell nuclear extracts contain additional factors that 
35 modify the binding of pituitary T3 receptors to the rat 
growth hormone gene T3 response element. 
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yr. w. CHAP&rTRRTSATi nM dp PAT ftFOWTH HORMONE 
r>N& SRfmRNCES NECESSARY F 9 R BBCI1T.ATION 

( a ) pat rcn c;p tjp. nRT.RTTDN assays 

To identify the .cis-active element in the 
growth hormone (GH) 5' flanking genomic sequence 
necessary for T3 regulation we used a series of 
5 '-deleted fragments of the rat GH gene, fused to the 
bacterial chloramphenicol acetyltransf erase (CAT) gene 
and transfected into rat pituitary GC2 cells (Fig. 
VI-l(A)). A 5" deletion to -235 to the transcriptional 
start (CAP) site transferred regulation to T 3 
(4. 6-fold, t'ig. ^i-iw;, equivoj-cuL — 
containing 1.7 kilobases (kb) or 307 base-pairs (bp) of 
5' -flanking -rat GH information (data not whown) , in 
15 agreement with previous studies5,6. (Nucleotide 
positions are numbered relative to the CAP site, 
negative position numbers being 5' to it.) Deletions 
containing less than 235bp of 5 '-flanking GH 
information could not be assayed for T 3 induction 
20 because the levels of CAT expression in the absence of 
T 3 were not significantly above background. To 
overcome this problem, a rat prolactin enhancer 
elementH wa s fused proximal to fragments of the rat GH 
gene containing 181 and 110 bp of 5» flanking 
25 information. The 5' -deleted fragment extending to 

position -181 gave 2.6-fold induction by T 3 and further 
deletion to position -107 from the CAP site abolished 
T 3 regulation (Fig. VI-1 (A) ) . 
IbJ fAT RN7.YMATTC ASSAY 
30 To assay 3 1 deletions, fragments of the rat Gh 

gene were fused to the herpes simplex virus thymidine 
kinase (HSV iX) promoter. A fragment of the Gh gene 
extending from position -235 to position -45 from the 
CAP site produced 2.5- and 2.3-fold stimulations of CAT 
35 activity when fused to the promoter in native and 
inverse orientation, respectively (Fig. VI-l(B)). A 
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90 -bp fragment extending from positions 235 to 145 bp 
from the GH CAP site transferred T3 regulation even 
more efficiently than the 235-45 bp fragment r and 
suggests that a negative T3 regulatory element might be 

5 located between 45 and 145 bp from the CAP site (Fig. 
1(A)), CAT messenger RNA was analyzed by a primer 
extension technique 12 to determine whether or not the 
T3-dependent stimulation of CAT activity which was 
observed in cells that had been transfected with 

10 plasmids containing the ±Jl promoter resulted from an 
increase in appropriately initiated transcripts. The 
235-40 bp GH fragment fused co cne usL promocer gave an 
increase of about 4-fold of correctly initiated CAT 
mRNA in the presence of T3 (Fig. VI-l(C)), a result 

15 consistent with the observed CAT activity measurements. 

<rA AVTDTN-BTOTTN COMPT.EX DNA— BINDING ASSAY fABCD 
ASSAY) 

To define further the sequences needed for T3 . 
regulation, it was necessary to document specific 
20 binding of nuclear T3 receptors to the growth hormone 
T3 regulatory element. Because attempts to map the T3 
receptor binding site by gel shift and footprint- ing 
assays were initially unsuccessful , a new assay to 
detect specific binding was devised, the avidin-biotin 

25 complex DNA-binding (ABCD) assay. Double-stranded 
oligonucleotides were prepared containing the 5 r 
flanking region of the GH gene necessary for T3 
regulation, with biotin-ll-dUTP at various positions, 
as shown in Pig. VI-2(A). Initially a 77-bp 

30 oligonucleotide (G209-146) , containing the genomic 
growth hormone sequence from positions -209 to -146, 
was used. T3 receptors from GC2 nuclear extracts were 
labeled to high specific activity with 125 I*-T3 and 
incubated with this biotinylated oligonucleotide. 

35 Protein-DNA complexes were precipitated from solution 
after the binding reaction, using streptavidin 
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conjugated to agarose beads. It can be seen in Fig. 
VI-2(B) that probe G209-146 resulted in the precipita- 
tion of 6,900 c.p.m. of 125i-t 3 activity. This 
represents the binding of about 3.2 fraol of T3 receptor 

5 and accounts for ~40% of the total T3 receptor present 
in the binding reaction. Precipitation of 
l 25 I-T3-labeled receptors was probe-dependent; <15% of 
total precipitated I251-T3 radioactivity was recovered 
in the absence of G209-146. Addition of a 100-fold 

10 molar excess of unlabeled T3 reduced the precipitated 

1 25 I-T 3 to background levels (Fig. VI-2(B)), indicating 
cnac cne X3 Dinaing piocexii uaau wa^ umuy i/i'cui^^au«u 
by the probe was present in limited amounts. The 
equilibrium binding constant for the T3 receptor-DNA 

15 complex was estimated to be 1.4 x 1Q~9m (data now 
shown) . 

To investigate whether the precipitation of 
labeled T3 receptors by G209-146 was dependent on 
' specific rat GH sequences, a series of biotinylated 

20 probes were prepared that had no apparent sequence 
similarity to the growth hormone enhancer but which 
were the same length as G209-146 and contained the same 
number of biotin-ll-dUTP residues. As shown in Fig. 
VI-2(B), the addition of 100 fmol of each probe to GC2 

25 nuclear extracts gave no measurable precipitation of 
125x-T3. This indicates that the precipitation of 
125 I-T3 by G209-146 is dependent on the rat GH sequence 
contained in the probe. 

LdJ POOTPBTTtiTTMfl ANALYSIS 

30 Although early attempts to localize a T3 

receptor binding site using conventional footprinting 
techniques were unsuccessful, variation of buffering 
conditions in the ABCD binding assay suggested that a 
footprint might be achieved with crude nuclear extracts 

35 if salt and pH conditions for DNA binding were optimal 
(data not shown) . End-labeled fragments of the GH 
enhancer were incubated with GC2 nuclear extracts and 
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digested with DNase L PAGE analysis of the digest 
under denaturing conditions (Fig* VI-3) gave two 
footprints, described previousiyl3/l 4 ; one of these is 
shown, together with a 16-bp protected region in the 
antisense strand between nucleotides -179 and -164. 
This sequence, which in the sense strand corresponds to 
5 1 C AG 66 ACGTG ACCG C A 3 1 f is contained in the 
oligonucleotide probe shown to specifically bind T3 
receptors, and corresponds in position to a previously 
identified T3-dependent DNase-I-hypersensitive site 19 * 
A clear footprint could not be detected in the sense 
strand itself , mainly because of incomplete digestion 
by DNase I in this G-rich region. 

VI. C. FUNCTIONALITY OF T 3 " OMGOOTCT.EOTIDB 

To examine the function of this sequence in T3 
regulation of the GH gene, site-directed mutagenesis 
was used to delete 11 bp of the footprint from the 
wild-type enhancer (mutant G delta 166/177) . Addition 
of T3 to cells transfected with mutant G delta 166/177 
fused to the £Ji promoter had no effect on the amount of 
CAT expression, although the wild-type enhancer 
stimulated cat expression ninefold (Fig. VI-l(B)). 
Thus, removal of the putative T3 receptor binding 
region, identified by oligonucleotide and DNAse I 
binding assays, abolished the ability of the 6H- 
enhancer to confer T3 regulation to the promoter* 

To demonstrate that the 16 base pairs from 
positions -164 to -179 constituted a functional T3 
regulatory element, a double-stranded oligonucleotide 
was prepared containing this sequence with seven arid 
six bases flanking the 5 1 and 3' ends respectively. 
This oligonucleotide was inserted in its native 
orientation proximal to the £k promoter (construction 
629TK, Fig. VI-l(B)). Cat expression was stimulated 
2.9-fold by T3 in cells transfected with this 
construction. Insertion of three tandem repeats of 
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this sequence (construction G293TK) resulted in a 
five-fold stimulation by T3. 

The short oligonucleotide used for transfer of 
T 3 regulation to the t± promoter (G186-158) also 
specifically bound nuclear T 3 receptor binding site in 
G209-146, but this was discounted using an 
oligonucleotide containing the rat GH sequence from 
nucleotide positions -177 to -235 that failed to bind 
measurable amounts of Tj receptors (data not shown) . 
Non-biotinyiated G209-146 and G186-158 were also used 
to compete for the binding of T 3 receptors with 
biotinylated G209-146; the relative affinity of T 3 

«*> 00-1.4 6 was two- to three-fold higher 

than G186-158 (data not shown). The apparent decrease 
in affinity for the shorter probe could result from a 
lack of bases to participate directly in the T 3 
receptor binding reaction. This is unlikely, because 
the limits of the DNase 1 footprint lie within the ends 
of this probe. Alternatively, GC2 nuclear extracts 
could contain other factors that stabilize the binding 
of T 3 receptors to the longer probe. 

VT , tv SI1H HABI * Mr> rnwCT.HBTQMS 
These experiments demonstrated that 29 base 
pairs of the GH gene, containing a 16-bp footprint 
extending from position -164 to position -179 5' to the 
CAP site, bound the T 3 receptor, were necessary for T 3 
regulation of the rat GH enhancer, and could transfer 
T 3 regulation to the j± promoter. To test whether 
human c-fitb.-A also binds to this element, an in 3ti2ta 
translation product was labeled with 35 S -methionine 
(&&& Experimental Section III). The product migrated 
as a doublet of zslallxs malacalax mass (M c ) 48,000 
(48K) and 52K on SDS gel electrophoresis and bound T 3 
with a k d of 5 x 10+* 1 (data not shown) . The binding 
of the human c-j&rli-A ia sitra translation product to 
the G209-146 and G186-158 oligonucleotide probes 
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containing the rat GE T 3 regulatory *^** h ™ £ 
Fig. vi-4. Both the long and short probes bound the ia 
r > rQ translation product significantly, but probes 
5 lacking homology to the T 3 receptor binding site of The 
GH gene, such as P-EGF, did not. Based on the 
estimated specific activity of t 35s]methionine present 
in the ia y_i<-ro translation mixture, the binding 
activity shown in Fig. VI-4 corresponds to 1-2 fmol of 
10 arh-A protein. Unlike GC2-cell nuclear extracts 
containing 125i-t 3 receptors, the c-arfc-A in 3LttXA 
translation product was bound to the same extent by the 
long and short oligonucleotides. Similar data were 

obtained using an xa , v i r i w -*u«— - — ■—• ' 

15 c-arb-A labeled with 125i-T 3 (data not shown) . These 
results indicate that the c-arn-A gene product 
specifically binds to the identical T 3 regulatory 
sequence that is bound by T 3 receptors from GC2 nuclear 
extracts. They provide further evidence that the 
20 function of the c-ara-A gene product is to mediate the 
transcriptional effects of T 3 . 

Plug, et al. (1987) recently reported that the 
GH sequence between nucleotide positions -210 and -181 
was essential for the full stimulatory effect of T 3 in 
25 transiently transfected GC cells, and also pointed out 
that this region possessed limited similarity to other 
T^-regulated genes. Our experiments locate the T 3 
receptor-DNA binding site between 164 and 177 bp from 
the CAP site, and also confirm the functional 
30 importance of the sequence between positions -210 and 
-181 in T 3 regulation of the GH gene. This could 
reflect an increased affinity of the T 3 receptor for 
fragments of the GH enhancer which contain this 
upstream element ia *isa, as we observed in the ia 
35 yn-ro DNA binding studies using crude nuclear extracts 
as a source of T 3 receptor. That the ata A ia Yiata 
translation product binds comparably to G209-146 and 
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G186-158 is consistent with the possibility that crude 
GC2 nuclear extracts contain an additional factor (s) 
that binds to the sequence between positions -210 and 
-181 and stabilizes the binding of the T 3 receptor to 

5 its cognate binding site. Cooperative interactions 
between eukaryotic transcription factors is 
well-establishedl6-18. in some cases this reflects the 
ability of one factor to alter the DNA-binding affinity 
of another. Such interactions could be important in 

10 the tissue-specific regulation of thyroid hormone 

action 5 ' 6 . The ABCD binding assay used here should be 

_ ... • . * ' »- • c n "1 s: /> 

potentially applicable to any DNA-binding protein that 
can be selectively radiolabeled, either with a labeled 
15 ligand, by chemical modification or by in v1 tro 
translation with labeled amino acids. 

YT F nRTATT.RD DKSCWTPTTOH OF FIGURES 
RR FF ppRr> i-n tw e ;yprt?tmrntat. SECTION VI 
Pi^nr^ vt-1 (A) . fB) and (C) . 
20 Thyroid hormone responsiveness of various gene 

fusions containing rat GH 5 '-flanking sequences. A, 
Responsiveness of 5' and 3' deletions of the rat GH 
gene. 5 '-deleted fragments of the rat GH gene were 
fused to the CAT gene in a pSV2CAT-based vector^, in 
25 which the SV40 origin of replication and promoter were 
removed. These constructions were transfected into GC2 
cells and assayed for responsiveness to T 3 . Because of 
low levels of basal expression of the nucleotide 
position -107 to +8 and -181 to +8 fragments, the rat 
prolactin enhancer (Prl)"-, which is not regulated by 
T3, was placed proximal to these elements. The 
illustrated 3 '-deleted fragments were fused to a JJt 
promoter fragment, extending from position -197 to 
position +54 and placed proximal to the CAT gene in the 
same vector. B, Functional analysis of the putative T 3 
receptor binding site. Mutant G delta 177/166 contains 
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a deletion of 11 bases of the T3 receptor binding site 
from 177-166 base pairs from the CAP site. Plasmids 
G29TK and G293TK contain the 28-bp region of the rat GH 
gene that binds the T3 receptor in one and three 
5 copies, respectively. The effect of T3 was determined 
by dividing the percentage conversion of 
chloramphenicol in the presence of 10~9fil T3 by the 
percentage conversion in the absence of T3. Triplicate 
plates were maintained in 10% fetal calf serum stripped 
10 of T3 by ion exchange chromatography for two days 
ho-Pn'-ea ^ran.cfop.tlort. with t-.e^t- o\ a solid's- nsina 
DEAE-dextranll. The cells were treated with hormone 24 
h after transfection and assayed for CAT activity after 
24 h of T3 exposure. Error limits represent the 
15 standard error of the mean. Each construction was 
assayed two to five times. A n represents SV40 
polyadenylation sites. C, Messenger RNA transcription 
initiation site analysis. The diagram indicates the 
33-nucleotide primer complimentary to nucleotides 67 to 
89 of the CAT coding sequence used to determine the CAP 
site of transcripts of plasmids containing the tk 
promoter. GC cells were transfected with test plasmids 
and hormone treated as described for the experiments 
presented in panels a and b. Primer extension analysis 
25 was performed on 50 micrograms total RNA. Lanes A and 
B represent the extension product from cells 
transfected with a plasmid containing the GH fragment 
extending from positions 235 to 45 from the CAP site 
fused to the tk promoter. Lanes C and D represent the 
30 extension product from cells transfected with a plasmid 
containing the tk promoter alone. No extension 
products were observed. The products shown in lanes A 
and C were from cells incubated in the absence of T3 
and those in lanes B and D were from cells treated with 
35 T3 at a concentration of 10~ 9 M. Lane E shows a flindlll 
digest of pBR3 22, used for size calibration (in 
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nucleotides) . 

Pirmrt* VT-1 f &l - and (C) Methods. 

Construction of CAT expression vectors 
containing 5» -flanking sequences of the rat GH gene 
from -1.7 kb to +8 bp of the CAP site has been 
described**. Fusions containing the rat prolactin 
enhancer were made by excising this fragment 
(corresponding to rat prolactin sequence nucleotide 
positions 1831-1530) from plasmid pPSS* 1 and inserting 
it in reverse orientation proximal to the 5' deletions 
of the growth hormone element. Fusions containing the 

GH enhancer from the plasmid GPO (ref . 11) and 
inserting them into the SamHI and Sail sites of a 
15 pSV2CAT-based expression vectors proximal to the tk 

promoter at positions -197 to +54. Alternatively , the 
GH enhancer was placed proximal to the promoter at 
positions -107 to +54 in a pUC8-based vector20 by 
insertion into the fiamHI and Sail polylinker sites.- 
Site-directed mutagenesis of the GH enhancer element 
was performed by inserting the fragment from 235-45 bp 
from the CAP site into the EamHI and Sail sites of M13 
mpl8. A 21-base oligonucleotide was synthesized which 
corresponded to antisense GH nucleotides -188 to -157 f 
25 in which nucleotides -177 to -166 were deleted and 

replaced by an A nucleotide* This oligonucleotide was 
used to delete bases -177 to -166 in the GH enhancer 
using the procedure of Kunkel 2 *. CAT activity was 
determined by radioassay of methylated chloramphenicol 
derivatives after thin layer chromatography 19 . Primer 
extension was by the method of Elsholtz, et al.12 

EJLguXJB (A\ and fBl . 

Binding of T3 receptors to oligonucleotide 
probes containing biotin-ll-dOTP. A, Schematic 
representation of two oligonucleotide probes used to 
assay T3 receptor binding to GH S'-flanking sequences. 
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Heavy lines, synthesized oligonucleotides with 
complementary 3 r ends. Pine lines, bases incorporated 
by filling the 5 1 overhangs using the large fragment of 
Rgchprirhia nni i DNA polymerase* Asterisks, 
biotin-ll-dOTP residues. Restriction sites for fiarnHI 
and a^lll are also shown. G209-146 and G186-153 
contain rat GH enhancer sequences with the illustrated 
5 1 and 3 1 boundaries. B, Precipitation of 125i-t 3 
labeled T3 receptors from GC2 nuclear extracts by 
various oligonucleotide probes containing 
biotin-ll-dUTP. P-EGF, PB1-B r PB2-B, and PB4-B are 

containing 10 f 11, 10 and 10 biotin-ll-dUTP' s 
respectively. These oligonucleotides contain 
5 '-flanking sequences of the rat prolactin gene that 
lack apparent homology to the rat GH sequence contained 
in G209-186, Precipitations were performed using 100 
femtomole of each probe • Background, representing 125j 
activity associated with streptavidin agarose beads in 
the absence of a biotinylated olignoucleotide probe, 
was 1,400 c.p.m. in this experiment. Results are 
plotted as the mean and standard error of triplicate 
points. The experiment is representative of six 
experiments examining the sequence specificity of 
125J-T3 binding. 

Pigurg VT-2 (A) and (B) Methods, 

Isolated nuclei were prepared from rat GC2 
cells according to the technique of Dingham, et al. 22 
and salt extracted in 0.6 M KC1, 10 mM Hepes, pH 7.9, 
0.5 mM dithiothreitol (DTT) , 0.2 mM EGTA, 20 raicrqM 
ZnCl2 for 30 min on ice. The nuclear extract was 
desalted by gel filtration in buffer A (50 mM KC1, 20 

mM K3POi f (pH 74.) 1 mM MgCl 2 , 1 mM beta-mercaptoetaol 
and 20% glycerol) and stored at -7 0OC. Assay of 

specific binding of T3 to GC2 nuclear receptors was 
performed as described by Samuels r et al.23 except that 
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T 3 binding reactions were performed in buffer A in the 
presence of 200 micrograms ml"! poly(dl-dC). To assay 
DNA binding nuclear extracts were first incubated with 
1 micron 125i-t 3 (2,200 Ci mmol-1) for 20 min at 22°C to 
label the T3 receptors to high specific activity. 
Aliquots (40 microliters) of nuclear extract were then 
incubated with biotinylated probes in the presence of 
200 microliters poly(dl-dC) for 40 min at 22°C. 
Protein-DNA complexes were precipitated by addition of 
streptavidin conjugated to agarose beads (BRL) . The 
agarose beads were pelleted, washed three times with 
buffer A (1 ml) and assayed for 1 25 I activity. 
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DNase I footprinting of the rat GH enhancer 
element by GC2 nuclear extracts. A 16-bp protected 
region in the antisense strand is shown. A second 
footprint extending from position -110 to position -40 
from the CAP site is also evident. Lanes A-C, 
Digestion of labeled GH enhancer after incubation with 
GC2 nuclear extract, using 24, 12 and 4 microgram DNase 
I respectively. Lanes D-F, Digestion of labeled GH 
enhancer with 24, 12 and 4 microgram of DNase I in the 
absence of GC2 nuclear extract. Lane G and M, Markers. 
The displayed sequence corresponds to that of the sense 
strand within the footprinted region. 

The antisense strand of the growth hormone 
enhancer was labeled with 3 2p- d ATP a t its 5' end using 
T4 polynucleotide kinase after fiamHI digestion of pGPO 
and treatment with calf intestinal phosphatase. The 
enhancer fragment was released from pGPO by Xlifil 
digestion and purified by agarose gel electrophoresis. 
Labeled GH enhancer fragment (1 ng, 8 fmol) was 
incubated with 25 microliters of GC2 nuclear extracts 
containing 12 fmol of specific T3 receptor-binding 
activity. The DNA binding reaction was carried out for 



-155 



30 min at 22°C in Buffer A, DNase digestion was for 2 
min at 22oc using the above concentrations of DNase I 
in a final volume of 50 microliters. The reactions 
were stopped with 20 microliters 50 mil EDTA and 1% SDS. 
Samples were extracted once with phenol-chloroform, 
ethanol precipitated, and analyzed by electrophoresis 
on standard 10% sequencing gels. 
Figure VX-4- 

Binding to oligonucleotides containing 64 and 
29 base pairs of 5 1 flanking GH sequence of rat 
pituitary cell T3 and incubated with 100 fmol G209-146, 
Gl 86-158 or P-EGF and assayed for binding as described 
in Pig. vi-2 (A) and (B) . Also f hc-erb-A la vitro 
translation product (4 microliters) labeled with 
35 S-methionine was assayed for binding to these 
oligonucleotides in the presence of 10 nM T3. To 
prepare the hc-jazia-A ia vitro translation product, 
capped mRNA transcripts of an hc-grb-A complementary 
DNA were used to program translation in a rabbit 
reticulocyte lysate system 10 . Reticulocyte lysates 
programmed with antisense hc-erb-A mRNA had no 
measurable binding activity to either of the GH probes 
(data not shown) . Results are plotted as mean and 
standard error of triplicate points. The experiments 
shown is representative of three experiments comparing 
the binding of GC2 nuclear T3 receptors to the two GH 
probes and of four experiments examining the binding of 
the hc -e*rb -A in vitro translation product. 
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IDENTIFICATION OF A NOVEL THYROID 
HORMONE RECEPTOR EXPRESSED IN THE 
MAMMALIAN CENTRAL NERVOUS SYSTEM 
VTT i *- ^MARY 

A complementary DNA clone derived from rat 
brain messenger RNA has" been isolated on the basis of 
homology to the human thyroid hormone receptor gene. 
Expression of this complementary DNA produces a 
high-affinity binding protein for thyroid hormones. 
Sequence analysis and the mapping of this gene to a 
distinct human genetic locus indicate the existence cf 

_ . • * vs^^^ on£5 ro^oDt.ots- Messencjer 

RNA from this gene is expressed in a tissue-specific 
15 fashion with highest levels in the central nervous 
system. 

VT T B - IHJBQBIlCTIflH 
Thyroid hormones are involved in a complex 
array of developmental and physiological responses in 
20 many tissues of higher vertebrates (1). Their numerous 
and diverse effects include the regulation of important 
metabolic enzymes, hormones, and receptors (2). The 
actions of thyroid hormones are mediated through a 
nuclear receptor, which modulates the expression of 
25 specific genes in target cells (3-5). These properties 
are similar to the interactions of steroid hormones 
with their receptors and are consistent with the recent 
observation of structural relatedness between steroid 
and thyroid hormone receptors {s£& Experimental Section 
III). 

yt t r. TfiOr^TTnH op A cprnwn THVPOTD RECEPTOR DNA 
Despite the diversity of thyroid hormone 
action, it is generally accepted that thyroid hormone 
function occurs through a single high-affinity nuclear 
35 receptor. However, the recent characterization of the 
thyroid hormone receptor as the cellular homolog of the 
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v-sxJi-A oncogene product Experimental Section III 

and ref. 7), along with the previous identification of 
multiple G -grh- A genes on human chromosomes 3 and 17 
(&££ Experimental Section III and ref. 8) , suggests the 
existence of multiple thyroid hormone receptors. To 
examine the possibility that the mechanisms underlying 
the multiple thyroid hormone responses may be derived 
from the expression of structurally distinct thyroid 
hormone receptors, we have isolated a complementary DNA 
(cDNA) clone that encodes the product of one of these 

A putative neuronal form of the thyroid, 
hormone receptor was isolated by screening a cDNA 
library prepared from rat brain messenger RNA (mRNA) 
with a 1500-bp fragment of the human thyroid hormone 
receptor cDNA. ( Sp** Experimental Section III which has 
been published as ref. 6.) From ~106 phage , three 
positive clones were isolated, and the complete 
nucleotide sequence of the largest of these, rbeA12 r 
was determined (Fig. VII-1 (B) ) . The sequence is 2079 
bp long and contains a long open reading frame of 1230 
bp with a potential initiator methionine at nucleotide 
position 325 and a terminator codon at position 1554. 
This open reading frame is preceded by a 5 1 
untranslated region of at least 3 20 bp that contains 
three short open reading frames upstream of the 
putative initiator methionine and encodes a protein of 
410 amino acid residues, with a calculated molecular 
mass of 45 kD. 

VTI. P. COMPARISON OP THE SECOND THYROID 
ftECEPTOR WTTH OTHER KNOWN THYROID RECEPTOR PROTEINS 

Comparison of the deduced amino acid sequence 
from rbeA12 with that of the human thyroid hormone 
receptor ( see Experimental Section III) reveals that 
the two proteins have distinct amino termini (Fig, 
VII-2) . The first 41 amino acids of the neuronal 
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protein and the first 90 amino acids of the human 
thyroid hormone receptor show no significant homology, 
whereas the carboxyl terminal 367 amino acids share 75% 
nucleotide and 82% amino acid identities. The rat 
protein is more related to the chicken thyroid hormone 
receptor (7) both in predicted size and homology, and 
shares 82% nucleotide and 89% amino acid identity. For 
reference, the chicken thyroid hormone receptor is 
designated alpha (cTR alpha) because of its homology to 
previously isolated zih-h genes (8), and the human 
thyroid hormone receptor is designated beta (hTR beta). 
Because the rat neuronal form is more related to the 

.... h r , n ^nq^^at-o^ =»\Oha (tTR 



20 



alpha). 

15 By analogy to the steroid hormone receptors, a 

cysteine-rich region in the thyroid hormone receptor is 
predicted to be the DNA-binding domain (fififi 
Experimental Sections III and II; also ref. 10) .In 
this region, the rTR alpha protein has 97% amino acid 
identity with the cTR alpha protein and 90% amino acid 
identity with the hTR beta protein. The proteins are 
also well conserved in the carboxyl terminal portion 
that is presumed to be the hormone-binding domain, 
again by analogy with the steroid receptors 
25 Experimental Section II; also ref. 11). This 

region of rTR alpha shows 94% amino acid identity with 
cTR alpha and 85% amino acid identity with hTR beta. 
YTT e TngM TTFTrP 1 "™ OF THE NEW THYROTP BFICRPTOB 
On the basis of the sequence data, it appears 
30 that the cDNA we have isolated encodes a protein 
different from the previously characterized human 
thyroid hormone receptor (^ Experimental Section 
III). To demonstrate that the neuronal clone is a 
distinct gene product, rbeA12 was used to identify 
35 human homologs by Southern blot and chromosome 

analyses. Human placenta DNA digested with various 
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restriction enzymes was separated on an agarose gel , 
transferred to nitrocellulose, and hybridized with 
either rat or human TR-specific probes derived from 
overlapping regions of their respective genes (Fig. 

5 VII-3 (A) and (B) ) . Different hybridization patterns 
were revealed for all of the restriction enzymes 
tested, which indicates that the two cDNA's represent 
distinct genes. The same probe from the rbeA12 was 
hybridized to laser-sorted chromosomes prepared from 

10 human lymphoid cells (Pig. VII-3 (CJ ) . Hybridization 
was observed only to chromosome 17, consistent with 
previous mapping studies that localized c-^j^a-A genes 
to. human chromosome 17 (8). This distinguishes rTR 
alpha from hTR beta, which is found on human chromosome 

15 3 ( see Experimental Section III) . 

VTT. F- EXPRESSION STUDIES 

Expression studies were performed to determine 
whether the rTR alpha cDNA encodes a functional 
receptor, protein* The product of the rTR alpha gene 
20 was first characterized by in vitro transcription 
followed by in vitro translation. For in vitro 
transcription, the E^ojRI insert of rbeA12 was linked to 
the bacteriophage SP6 promoter by subcloning into the 
expression vector pGEMl. A second construction, 

25 rbeA12B, was created in an attempt to increase the 

efficiency of translation* The 5* untranslated region 
up to nucleotide position 97 was deleted, which removed 
two of the three short open reading frames in this 
region. Transcripts synthesized with SP6 polymerase 

30 were translated in vitro with rabbit reticulocyte 

lysates, and the [35s]methionine-labeled products were 
analyzed on an SDS-polyacrylamide gel (Fig* VII-4(A))* 
Four proteins of approximately 52, 48, 35, and 33 kD 
were observed only when the sense strand was 

35 translated. The same four bands were observed for 

rbeA12 and rbeA12B. These translation products were 
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then used to test thyroid hormone binding. 

. wtt. a. pnoMnwR RT Nrf™^ fiTnnTES 
Thyroid hormone binding was measured with 
[IZSua^^'-triiodo-L-thyronine (125i-t 3 ) . Only 
5 samples that contained the rTR alpha specific proteins 
exhibited T 3 binding. Hormone affinity was determined 
by scatchard analysis, which gave a dissociation 
constant (K d ) of 2.9 x lO-l^M (Pig. VII-4(B)), similar 
to the K d observed for the hTR beta protein (5 x 
10 io-Hm) (4, 5) and an order of magnitude lower than 

that determined for the cTR alpha protein (2.1 x 10-10 
to 3.3 x 10-10M) (aaa Experimental Section III). The 
different K d values obtained may be due to differences 
in the assay systems used. In competition experiments, 
J- 5 the rTR alpha proteins translated ia v i tro showed the 
same characteristic affinities for L-T 3 and L-thyroxine 
(L-T 4 ) as the hTR beta protein but revealed a different 
pattern for 3 ,5 • , 3 '-triiodothyroacetic acid (TRIAC) 
(Fig. VII-4(C)). TRIAC competed better for T 3 binding 
20 W ith the hTR beta protein, whereas it competed about as 
well at T 3 for binding to the rTR alpha protein. As 
with the hTR beta and cTR alpha proteins, there was no 
competition for T 3 binding to the rTR alpha protein by 
excess aldosterone, estrogen, progesterone, 
25 testosterone, or vitamin D x . Thus, it appears that we 
have isolated a thyroid hormone receptor with binding 
properties similar to but not identical to those of the 
thyroid hormone receptors previously described {z&s. 
Experimental Section III and ref. 7). 
30 y TT . a. TISSUE S2E£I£I£I£L RTTTDTES 

The tissue specificity of metabolic responses 
to thyroid hormone led us to consider that this thyroid 
hormone receptor might be expressed in a restricted set 
of tissues. Therefore, the pattern of expression of 
35 the rTR alpha gene was determined by Northern blot 

analysis (Pig. VII-5) . Total RNA isolated from various 
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rat tissues was separated on a f ormaldehyde-agarose 
gel, transferred to nitrocellulose, and hybridized to 
the same fragment of rbeA12 used for the Southern blot 
analysis and chromosome mapping. A 2.6-kb RNA was 
observed in all tissues tested except liver. This 
5 message is also present in pituitary and muscle and is 
expressed in GC, rat-1, and PC12 cell lines. 
Densitometric scanning indicated that the level of 
expression of rTR alpha was 10- to 20-fold as high in 
brain as in any other tissue tested. Two additional 
10 RNA's of approximately 5.0 and 6.0 kb are present in 
about equal amounts in all tissues, although they are 
much less abunaant cnan uric o -n.^ = - - 

bands may represent precursors of the 2.6-kb message or 
may be products of a related gene. 
15 vtt. t. nT prnssTnw fiy?T> CQBCLPSlflMfi 

The isolation of a second mammalian thyroid 
hormone receptor is surprising because previous 
biochemical studies have not predicted the existence of 
-more than a single receptor for thyroid hormones. In 
20 retrospect, much of the clinical and physiological 

studies can be interpreted as indicating the existence 
of multiple receptors. A form of. functional 
heterogeneity has been suggested by the identification 
of patients with familial thyroid hormone resistance in 
which peripheral response to thyroid hormones is lost 
or diminished, while neuronal functions are maintained . 
(12, 13) . Furthermore, severe developmental effects 
associated with low circulating thyroid hormone levels 

(cretinism) have been classified into types severely 
30 ' ^ 

affecting the nervous system and those more 

dramatically affecting peripheral functions (13, 14). 

In addition to demonstrating the existence of 

structurally distinct forms of the thyroid hormone 

receptor, the form that we have characterized is 

35 expressed at high levels in the rat central nervous 
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system. Preliminary studies utilizing in S i tu 
hybridization have revealed high levels of expression 
in the hippocampus, hypothalamus f cortex, and amygdala. 
RNA hybridization studies indicate exceptionally high 

5 levels in the cerebellum as well. Although it is known 
that thyroid hormones play a critical role in early 
brain development (14) , this high level of expression 
is unexpected because biochemical studies have shown 
that brain has fewer thyroid hormone receptors than 

10 many other tissues (5, 16), and the adult brain is not 
responsive to thyroid hormone by traditional phosphate 
aenyar ogexxabe dcctvxuy 

The second interesting result from the 
expression studies is that this transcript is not 

15 present in liver, which is the tissue from which 

thyroid hormone receptors usually have been isolated. 
This absence suggests the existence of yet another form 
of the thyroid hormone receptor. This proposal would 
be consistent with the data of Underwood, et al. (18), 

20 which indicates the existence of pharmacologically 

distinguishable thyroid hormone responses between liver 
and heart. Furthermore, data from DNA hybridization 
studies indicate the existence of multiple genetic loci 
that hybridize with the cDNA clones for the mammalian 

25 thyroid hormone receptor and suggest that there may be 
as many as five different related loci (.S££. 
Experimental Section III and ref. 8). It seems likely 
that some of these loci will encode additional 
functional molecules, which leads us to propose the 

30 existence of a family of thyroid hormone receptors that 
coordinately regulate overlapping networks of genes to 
control developmental and homeostatic function. 

y T T .T_ nffTATT .Bn DESCRTPTTHtt OP FIGURES 
pflpppPRH TO IT* EXPERIMENTAL SECTION VII 
35 pignrp VTT-1 (A) and (B) . 

Restriction map and nucleotide and predicted 
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amino acid sequence of thyroid hormone receptor cDNA 
from rat brain. (A) Schematic representation of 
thyroid hormone receptor cDNA from rat brain; some 
common restriction endonuclease cleavage sites are 

5 indicated. The hatched box indicates the predicted 
coding region. The 500-bp £smll fragment 
(corresponding to nucleotide positions 607 to 1113) 
used for the hybridization studies is represented by 
the solid bar below the restriction map. (B) The 

10 complete nucleotide sequence of rbeAl2 is shown with 

open reading frame. The three short open reading 
frames in the 5' untranslated region are shown in bold 
type with termination codons underlined. Clone rbeAl2 

15 was isolated by using the entire isgqRI insert of pheA4 
(sigma) as a nick-translated probe to screen ~106 phage 
from a rat brain cuNA library obtained from J. Arriza 
(19) . Three positive clones were isolated, and the 
complete nucleotide sequence of the largest of these r 

20 rbeA12, was determined on both strands by the chemical 
cleavage method of Maxam and Gilbert (20) . - 
EigJJXfi vtt-2- 

Schematic comparison of the rat thyroid 
hormone receptor (rTR alpha) protein with the human 

25 thyroid hormone receptor (hTR beta) and chicken thyroid 
hormone receptor (cTR alpha) proteins. Numbers above 
the boxes indicate amino acid residues; numbers inside 
the boxes indicate the percent amino acid identity 
within the enclosed region with the rTR alpha protein. 

30 DNA designates the putative DNA-binding domain 

predicted by analogy with the human glucocorticoid 
receptor (amino acids 421 to 486 of the human 
glucocorticoid receptor) , while T3/T4 designates the 
putative hormone-binding domain. 

35 ffi gnrp VTT— 3 <A\ . (B) and (£L. 

Southern blot analysis arid human chromosomal 
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localization of the rTR alpha gene. Human placenta DNA 
was digested with various restriction enzymes, 
separated on a 0.8% agarose gel, transferred to 
nitrocellulose, and hybridized to either a 500-bp £21111 

5 fragment from rbeAl2 (A) or a 450-bp SatI fragment from 
hTR beta ( aafi Experimental Section III) that 
encompasses the DNA-binding region (B) . Both blots 
were hybridized in 50% formamide, 5 x SSPE (0.15M NaCI, 
0.01M NaH2P04, 0.001M EOTA) , 1 x Denhardt's solution, 

10 0.1% SDS, and salmon sperm DNA (100 micrograms/ml) at 
42°C, and washed in 2 x SSC (standard saline citrate) 

in kilobase pairs are indicated (C) . Chromosome 
mapping of the rTR alpha gene. Human lymphocyte 
15 chromosomes were separated by laser cytof luorometry 

(21) and hybridized under the same conditions as above 
with the 500-bp Pvu il fragment of rbeAl2. 

PHgnr^ VTT-A J A\ . fRl and fC) , 

• la vitro translation and thyroid hormone 

20 binding of rTR alpha (A) rTR alpha was transcribed in 
t-ro and translated in a rabbit reticulocyte lysate. 
The [35s]methionine-labeled products were separated on 
a 7.5% SDS-polyacrylamide gel and visualized by 
fluorography. Lane 1, no added RNA* lane 2, rbeA12, 

25 which contains the entire 5« untranslated region; lane 
3, rbeA12B, which contains only 97 bp of 5' 
untranslated sequence. Sizes of protein markers: 
bovine serum albumin, 66.2 kD; ovalbumin, 45 kD; 
carbonic anhydrase, 31 kD. (B) Scatchard analysis of 

3 q 125j_T2 binding to in vitro translated rTR alpha 
Ly sates containing in aitra translated rbeAl2B 
transcripts were assayed for specific thyroid 
hormone-binding activity by measuring the amount of 
hormone bound at different concentrations of 

35 125j;_ T3 _ Kd= 2.9 x 10 _11 M. (C) Competition of thyroid 
hormone analogs for 125i_t 3 binding to in vi tro 
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translated rTR alpha. Samples from rbeAl2B programmed 
lysates were mixed with increasing concentrations of 
unlabeled thyroid hormone or analogs to compete with 
labeled hormone. Specifically bound 125i-t 3 is plotted 
versus concentration of competitor compound. The same 
competition pattern was observed in four separate 
experiments, la zitrfl transcription and translation 
and hormone binding were performed as described (22, 
23) . Open circles represent TRIAC; solid circles 
represent L-T3; solid triangles represent L-T4. 

Tissue distribution of rTR alpha mRNA. Total 

guanidine thiocyanate (24) , separated on a 1% 
agarose- formaldehyde gel, transferred to 
nitrocellulose, and hybridized with a nick-translated 
500-bp Pvuii fragment from rbeA12. The tissue type and 
the amount of total RNA loaded are indicated above each 
lane. A cDNA of CHO-B, a Chinese hamster ovary cell 
mRNA expressed at equivalent levels in all tissues 
examined (25) , was used as an internal standard. 
Positions of 28S and 18S ribosomal RNA are indicated. 

VTT K - RP FPPF.MPF.fi REFERRED TQ IN 
pyppPTMEMTAT. SFPTTOW VII 

25 1. Wolff, E.C. and Wolff, J. in Thft Thyroid 
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means of oligo (dT) -selected RNA from whole rat 
brain. Moloney murine leukemia virus (M-MuLV) 
reverse transcriptase (RT) was used for first 
strand synthesis; second strand synthesis was 
with the Klenow fragment of DNA polymerase I 
followed by M-MuLV _RT-cDNAs were treated with 
SI nuclease, methylated , size-fractionated on 
Sepharose 4B, ligated to lambda gtll arms, and 
packaged. The library consists of 25 x 10 6 
independent recombinants with inserts > 500 
bp. 
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rbeA12B, was made by inserting the T 4 DNA 
polymer ase-filled figl-Smal fragment of rbeA12 
(nucleotide position 227 to the polylinker) 
into the Sffial site of pGEM3. For thyroid 
hormone binding, transcriptions were performed 
with SP6 polymerase and 5 to 10 micrograms of 
rbeA12B linearized with £s£l. Transcripts 
were purified by P60 chromatography and 
translated in 150 to 200 microliters of rabbit 
reticulolyte lysate (Pr omega Biotec) in 
conditions suggested by the manufacturer. 
Thyroid hormone binding for both the Scatchard 
and competition analyses were determined in 
the same manner, except that unlabeled protein 
was used for the Scatchard analysis. 
[125ij3,3 • r 5:Triodothyronine (New England 
Nuclear, 2200 Ci/mmol, 0.3nM final 
concentration) was mixed with rTR alpha 
polypeptides synthesized in vitro (5 to 8 
microliters of the 200 microliters of lysate 
per binding reaction) in T3 binding buffer at 
QOC for 2 hours in a final volume of 250 
microliters. Specific hormone binding was 
determined by adding a 1000-fold excess of 
unlabeled hormone and assayed by counting 
radioactivity eluting in the excluded volume 
from a Sephadex G-25 fine (Pharmacia) 0.9-by 
4.0 -cm. column. 

24. Chirgwin, J.M., Przbyla, A.P., HacDonald, 
r.j., Rutter, W.F., PiofihPirnstrY* 18:5294 
(1974). 

25. Harpold, M.M., Evans, R.M., 
Salditt-Goeorgief f , M. , Darnell, J.E., Cel l> 
17:1025 (1979). 
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pppPTPTCA TTf™ 1 STIMMARY 

From the foregoing description, one of 
ordinary skill in the art can understand that the 
present invention provides substantially pure DNA's 
comprised of sequences which encode proteins having the 
hormone-binding and/or transcription-activating 
characteristics of a glucocorticoid receptor, a 
mineralocorticoid receptor, or a thyroid hormone 
receptor. The invention also provides various plasmids 
containing receptor sequences which exemplify the DNA's 
of the invention. Exemplary plasmids of the invention 
have been deposited with the American Type culture 
Collection for patent purposes. 

The invention is also comprised of receptor 
proteins* including modified functional forms thereof, 
expressed from the DNA's (or mRNA's) of the invention. 

In addition to novel receptor DNA, RNA and 
protein compositions, the present invention involves a 
bioassay for determining the functionality of a 
receptor protein. It also involves two new methods for 
producing desired proteins in genetically engineered 
cells. The first is a method for inducing 
transcription of a gene whose transcription is 
activated by hormones complexed the receptors. The 
second is a method for engineering a cell and then 
increasing and controlling production of a protein 
encoded by a gene whose transcription is activated by 
hormones complexed with receptor proteins. 

The DNA's of the invention can be used to make 
the hormone receptor proteins, and functional modified 
forms thereof, in quantities that were not previously 
possible. With the quantities of receptor available as 
a result of the present invention, detailed structural 
analyses of the proteins can now be made by using X-ray 
diffraction methods to analyze receptor crystals. In 
addition, adequate supplies of the receptor proteins 
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mean that they can now be used to screen compounds for 
receptor-agonists or receptor-antagonist activity. 
Availability of the receptor proteins also means that 
they can be used in diagnostic assays. 

Without departing from the spirit and scope of 
this invention, one or ordinary skill can make various 
changes and modifications to the invention to adapt it 
to various usages and conditions. As such, these 
changes and modifications are properly, equitable, and 
intended to be, within the full range of equivalence of 
the following claims. 
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WHAT IS CLAIMED IS: 

1. A substantially pure double-stranded DNA 
wherein the sense strand comprises a segment having a 
sequence of triplets coding for the primary sequence of 
a protein which has hormone-binding and/or. 
transcription-activating properties characteristic of a 
hormone receptor selected from the group consisting of 
10 a glucocorticoid receptor, a mineralocorticoid receptor 
and a thyroid hormone receptor, said double-stranded 
DNA segment. being capable of being expressed into said 
protein. 

Claim 1 wherein the sequence of triplets in said 
segment codes for the primary sequence of a protein 
which has hormone-binding and/or 

transcription-activating properties characteristic of a 
glucocorticoid receptor. 

.3. A substantially pure DNA according to 
Claim 1 wherein the sequence of triplets in the segment 
codes for the primary sequence of a protein which has 
hormone-binding and/or transcription-activating 
properties characteristic of a mineralocorticoid 
25 receptor. 

4. A substantially pure DNA according to 
Claim 1 wherein the sequence of triplets in the segment 
codes for the primary sequence of a protein which has 
hormone-binding and/or transcription-activating 
properties characteristic of a thyroid hormone 
receptor. 

5. A substantially pure DNA according to 
Claim 2 wherein the sequence of triplets in the segment 
codes for the primary sequence of a protein which has 
hormone-binding and/or transcription-activating 
properties characteristic of an avian or mammalian 
glucocorticoid receptor. 
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6. A substantially pure DNA according to 
Claim 5 wherein the sequence of triplets in the segment 
codes for the primary sequence of a protein which has 
hormone-binding and/or transcription-activating 

5 properties characteristic of the human glucocorticoid 
receptor. 

7. A substantially pure DNA according to 
Claim 3 wherein the sequence of triplets in the segment 
codes for the primary sequence of a protein which has 
hormone-binding and/or transcription-activating 
properties characteristic of a mammalian or an avian 
mineralocorticoid receptor. 

O . H iaiiLim-j r- -- - — 

Claim 3 wherein the sequence of triplets in the segment 
codes for the primary sequence of a protein which has 
hormone-binding and/or transcription-activating 
properties characteristic of a human mineralocorticoid 
receptor. 

9. A substantially pure DNA according to 
Claim 4 wherein the sequence of triplets in the segment 
codes for the primary sequence of a protein which has 
hormone-binding and/or transcription-activating 
properties characteristic of a mammalian or an avian 

25 thyroid hormone receptor. 

10. A substantially pure DNA according to 
Claim 4 wherein the sequence of triplets in the segment 
codes for the primary sequence of a protein which has 
hormone-binding and/or transcription-activating 
properties characteristic of the human thyroid 
receptor. 

11. A substantially pure DNA according to 
Claim 10 wherein said thyroid hormone receptor is 
selected from the group consisting of human thyroid 
receptor alpha and human thyroid receptor beta. 

12. A plasmid selected from the group 
consisting of: pRShGR alpha (ATCC # 67200), pRShMR 
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(ATCC # 67201) , peAlOl (ATCC # 67244) , rbe A12 (ATCC # 
67281) , GMCAT (ATCC #67282) PE4 (ATCC # 67309) , pHKA 
(ATCC #67310), phERBA 8.7 (ATCC # 40374) , phFA 8 (ATCC 
# 40372, and phH 3 (ATCC # 40373) . 

13. A DNA selected from the group consisting 
of pRShGR-alpha (ATCC #67200), the pRShGR-alpha 
modifications 19, 137, 1102, 1120, 1204, 1214, 1262, 
1289, 1305, 1346, 1384, 1403, 1408, 1422, 1428, 1440, 
1488, 1490, 1515, 1532, 1550, and 1684. 

14. A DNA segment which has (a) one triplet 



frame with a triplet corresponding to a translation 
start codon and downstream of said start codon triplet, 
and (b) as longest open reading frame, a substantially 
pure segment with a sequence of triplets coding for the 
primary sequence of a protein selected from the group 
consisting of: human glucocorticoid receptor and the 
modifications thereof expressed from the pRShGR-alpha, 
said modifications being known as modifications 19, 
137, 1102, 1120, 1204, 1214, 1262, 1289, 1305, 1346, 
1384, 1403, 1408, 1422, 1428, 1440, 1488, 1490, 1515, 
1532, 1550, and 1684; human mineralocorticoid receptor; 
human thyroid receptor, and human steroid receptor 
known as hERRl and hERR2. 

15. A substantially pure DNA according to 
Claim 14 wherein said human thyroid receptor is an 
alpha or beta receptor selected from the group con- 
sisting of DNA known as hERBA 8.7, hPA 8, and peAlOl. 

16. A substantially pure DNA sequence 
selected from the group of DNA sequences consisting of 
the DNA sequences shown in Figures 1-2(1) and 1-2(2) 
(hGR) , III-1(B)-1 and III-l(B)-2 (hTR beta), III-7 (hTR 
alpha), IV-2(B)-1 and IV-2(B)-2 (nMR) , V-1(B)-1 and 
V-l(B)-2 (hERRl), and V-2(B)-1 and V-2(B)-2 (hERR2) . 

17. A substantially pure primary protein 
sequence comprised of an amino acid sequence selected 
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from the group consisting of the amino acid sequences 
shown in Figures III-l(B) (hTR beta) , III-7 (hTR 
alpha) , IV-2(B) (hMR) , V-l(B) (hERRl) r and V-2(B) 
(hERR2) . 

18. A substantially pure DNA encoding human 
mineralocorticoid receptor. 

19. A substantially pure DNA encoding human 
thyroid receptor wherein said receptor is selected from 
the group consisting of human thyroid receptor alpha 
and human thyroid receptor beta. 

20. A substantially pure DNA encoding 
estrogen-related receptors wherein saia receptor* are 
selected from the group consisting of hERRl and hisRR2. 

21. A DNA having substantial sequence homolo- 
gy with any of the DNA 1 s claimed in any of Claims 1-20. 

22. A mutant of any of the DNA's claimed in 
any of Claims 1-20. 

23. An mRNA transcribed from any. of the 
substantially pure DNA sequences claimed in any of 
Claims of 1-20. 

24. A substantially pure protein encoded by 
any of the substantially pure DNA sequences claimed in 
any of Claims 1-20. 

25. A substantially pure receptor protein 
selected from the group consisting of mammalian and 
avian thyroid receptor , mammalian and avian 
mineralocorticoid receptor , and mammalian and avian 
steroid-related receptors hERRl and hERR2. 

26. A substantially pure thyroid receptor 
according to Claim 25 wherein said thyroid receptor is 
selected from the group consisting of thyroid receptor 
alpha and thyroid receptor beta. 

27. Cells transformed by any of the 
substantially pure DNA's claimed in any of Claims 1-20. 

35 28. A bioassay for determining the 

functionality of a hormone receptor (R) or an 
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engineered functional modified form (r) thereof wherein 
said functional modified form (r) has the 
transcription-activating properties of receptor (RJ , 
and wherein (R) and (r) are encoded by an expressible 
DNA sequencer said bioassay comprising 

(a) cotransf ecting into receptor-negative 
cells a first plasmid comprised essentially of an 
operative hormone responsive promoter/enhancer element 
functionally linked to an operative reporter gene r and 
a second receptor expression plasmid comprised 
essentially of an operative DNA sequence coding for 
h.o~™*r\* r^reritoc ototeiri (R) or a functional modified 

form (r) thereof r 

(b) culturing said cotransf ected cells from 
step (a) in the presence and absence of a hormone r or 
analog thereof r able to activate said hormone 
responsive promoter/enhancer element of said first 
plasmid, 

(c) monitoring in said cells induction of the 
product of said reporter gene DNA sequencer and 

(d) measuring in said cells the expression of 
and the steroid-binding capacity of the hormone 
receptor protein (R) or functional modified form -(r) 
thereof encoded by said DNA sequence of said second 
plasmid. 

29. A bioassay according to Claim 28 wherein 
said receptor-negative cells are selected from the 
group consisting of CV-1 and COS cells. 

30. A bioassay according to Claim 28 wherein 
said first and second plasmids also contain the origin 
of replication of SV-40. 

31. A bioassay according to Claim 28 wherein 
said first and second plasmids also contain a 
selectable marker. 

32. A bioassay according to Claim 28 wherein 
said operative hormone responsive promoter/enhancer 
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element is selected from the group consisting of mouse 
mammary tumor virus long terminal repeat (MTV LTV) and 
and mammalian growth hormone promoter, and said 
reporter gene is CAT. 
5 33. A bioassay according to Claim 28 wherein 

hormone receptor protein (R) is a receptor selected 
from the group consisting of glucocorticoid receptor 
(GR) , miner alocorticoid receptor (MR) and thyroid 
receptor (TR) . 

10 34. m a cell (C) which contains gene (G) , a 

gene whose transcription is substantially activated by 
hormone (H) , or an analog (aH) thereof, when (H) or 

ovea with receotor (R) or a functional 
modified form (r) thereof, and when said [(H) or 
15 (aH)/(R) or (r)] complex is bound to a transcriptional 
control element on the chromatin where gene (G) is 
located, a method for inducing expression of gene (G) 
and consequently production of the protein (P) coded 
for by gene (G) , said method comprising: (1), 
20 expressing in cell (C) a DNA encoding receptor (R) or a 
modified functional form (r) thereof which has the 
transcription-activating properties of receptor (R) , 
and (2) , increasing the concentration of hormone (H) or 
analog (aH) in cell (C) to a level sufficient to induce 
expression of gene (G) , and consequently production of 

protein (P) . 

35. A method according to Claim 34 wherein 
said increase in said concentration of said hormone (H) 
or analog (aH) is controlled so as to control 
transcription of gene (G) , and thus production of 

protein (P) . 

36. A method according to any of Claims 34 
and 35 wherein said cell (C) is a eukaryotic cell. 

37. A method according to any of Claims 34 
35 and 35 wherein said eukaryotic cell (C) is a mammalian 

cell. 
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38. A method according to any of Claims 34 
and 35 wherein said eukaryotic cell. (C) is a human 
cell. 

39. A method according to any of Claims 34 
and 35 wherein hormone (H) is a hormone selected from 
the group consisting glucocorticoid hormones , 

miner alocorticoid hormones and thyroid hormones, and 
analogs thereof. 

40. A method according to any of Claims 34 
and 35 wherein receptor (R) is a receptor selected from 

mineralocorticoid receptor f and thyroid receptor. 

41. A method for engineering a cell and 
producing a protein (P) that is encoded by a gene (G) , 
a gene whose transcription is substantially activated 
by hormone (H) t or an analog (aH) thereof r when (H) or 
(aH) are complexed with receptor (R) or a functional 
modified form (r) thereof/ and when said [(H) or 
(aH)/(R) or (r)] complex is bound to a transcriptional 
control element on the chromatin where gene (G) is 
located^ said method comprising: (1) , placing gene (G) 
in cell (C) so that gene (G) is under the control of a 
transcriptional control element that can be activated 
by a [(H) or (aH)/(R) or (r)] complex when bound to 
said transcriptional control element; (2) , transforming 
cell (C) with a DNA coding for receptor (R) or a 
functional modified form (r) thereof which has the 
transcription-activating properties of receptor (R) , 
and; (3) , increasing the concentration of hormone (H) 
or analog (aH) in cell (C) to a level sufficient to 
induce and control expression of gene (G) r and 
consequently production of protein (P) . 

42. A method according to Claim 41 wherein 
said cell (C) is a eukaryotic cell. 

43. A method according to Claim 42 wherein 
said eukaryotic cell (C) is a mammalian cell. 
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44. A method according to any of Claim 43 
wherein said eukaryotic cell (C) is a human cell. 

45. A method according to Claim 41 wherein 
hormone (H) is a hormone selected from the group 

5 consisting glucocorticoid hormones, mineralocor ticoid 
hormones and thyroid hormones, and analogs thereof. 

46. A method according to Claim 41 wherein 
receptor (R) is a receptor selected from the group 
consisting of glucocorticoid receptor, 
mineralocorticoid receptor, and thyroid receptor. 
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FIG. I-6(B) 
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FIG. III-7 



10 20 
GAATTGAAGTGAATGGAACAGAAGCCAAGCAAGGTGGAGTGTGGGTCAGACCCAGAGGAGAACAGTGCCAGGTCACCAGATGGAAAGCGA 90 
MatGluGlnLysProSerLysValGluCysGlySerAspProGluGluAsnSerAlaArgSerProAspGlyLysArg 

30 40 50 

AAAAGAAAGAACGGCCAATGTTCCCTGAAAACCAGCATGTCAGGGTATATCCCTAGTTACCTGGACAAAGACGAGCAGTGTGTCGTGTGT 180 
Ly sArgLysAsnG I yG I nCysSer LeuLysThr SerMe t SerG l yTyr 1 I eProSerTyrLeuAspLysAspG I uG I nCysVa I Va I Cys 

60 70 80 

GGGGACAAGGCAACTGGTTATCACTACCGCTGTATCACTTGTGAGGGCTGCAAGGGCTTCTTTCGCCGCACAATCCAGAAGAACCTCCAT 270 
G I yAspLy sA I aThrGI yTy rH I sTy r ArgCys I I eThrCysG I uG I yCysLysG I yPhePheArgAr gTn r 1 I eG I nLysAenLeuH I s 

90 100 110 

CCCACCTATTCCTGCAAATATGACAGCTGCTGTGTCATTGACAAGATCACCCGCAATCAGTGCCAGCTGTGCCGCTTCAAGAAGTGCATC 360 



120 130 140 

GCCGTGGGCATGGCCATGGACTTGGTTCTAGATGACTCGAAGCGGGTGGCCAAGCGTAAGCTGATTGAGCAGAACCGGGAGCGGCGGCGG 450 
AlaValGlyMetAlaMetAspLeuValLeiMspAspSerLysArgValAlaLysArgLysLeul leGluGlnAsnArgGluArgArgArg 

150 160 170 

AAGGAGGAGATGATCCGATCACTGCAGCAGCGACCAGAGCCCACTCCTGAAGAGTGGGATCTGATCCACATTGCCACAGAGGCCCATCGC 540 

LysGIuGluMet I leArgSerLeuGlnGlnArgProGluProThrProGluGluTrpAspLeul leHlsl JeAlaThrGIuAlaHl sArg 

180 190 200 

AGCACCAATGCCCAGGGCAGCCATTGGAAACAGAGGCGGAAATTCCTGCCCGATGACATTGGCCAGTCACCCATTGTCTCCATGCCGGAC 630 
Ser Thr AsnA I aG I nG I y SerH l sTrpLysG I nArgArgLysPheLeuProAspAsp 1 1 eG I yG I nSer Pro 1 1 eVa I SerMetProAsp 

210 220 230 

GG AG ACAAGGTGGACCT GG A AG CCTTCAGCG AGTTT ACC AAGATC AT C AC CC CGGCC AT C ACC CGTGTGGTGGACTTTGC C AAAAAACTG 720 
G I yAspLys Va I AspLeuG t uA I aPheSerG I uPheThr Lys Hell eThrProA I a I ) eThr ArgVa I Va I AspPheA I aLysLysLeu 

240 250 260 

CCCATGTTCTCCGAGCTGCCTTGCGAAGACCAGATCATCCTCCTGAAGGGGTGCTGCATGGAGATCATGTCCCTGCGGGCGGCTGTCCGC 810 
ProMetPheSerG luLeuProCysG I uAspG I n I lei leLeuLeuLysGI yCysCysMetGlu I leMetSerLeuArgAlaAlaValArg 

270 280 290 

TACGACCCTGAGAGCGACACCCTGACGCTGAGTGGGGAGATGGCTGTCAAGCGGGAGCAGCTCAAGAATGGCGGCCTGGGCGTAGTCTCC 900 
TyrAspProGluSerAspThrLeuThrLeuSerGlyGluMetAlaValLysArgGluGlnLeuLysAsnGlyGlyLeuGlyValValSer 

300 310 320 

GACGCCATCTTTGAACTGGGCAAGTCACTCTCTGCCTTTAACCTGGATGACACGGAAGTGGCTCTGCTGCAGGCTGTGCTGCTAATGTCA 990 
AspA I a 1 1 ePheG luLeuG I yLysSar LeuSer A 1 aPheAsnleuAspAspThrG l uVa I A I aLeuLeuG I nA I aVa I LeuLeuMet Ser 

330 340 350 

ACAGACCGCTCGGGCCTGCTGTGTGTGGACAAGATCGAGAAGAGTCAGGAGGCGTACCTGCTGGCGTTCGAGCACTACGTCAACCACCGC 1080 
Thr AspArgSerGJ yLeuLeuCysVa I AspLys I I eG I uLysSerG I nG I uA I aTy rLeuLeuA I aPheG I uH I sTyrVa 1 AsnH I sAr g 

360 370 380 

AAACACAACATTCCGCACTTCTGGCCCAAGCTGCTGATGAAGGAGAGAGAAGTGCAGAGTTCGATTCTGTACAAGGGGGCAGCGGCAGAA 1170 
LysH I sAsn 1 1 eProH I sPheTr pProLysLeuLeuMetLysG luArgG I uVa I G I nSerSer 1 1 eLeuTyrLy sG lyAlaAlaAtaGlu 

390 400 410 

GGCCGGCCGGGCGGGTCACTGGGCGTCCACCCGGAAGGACAGCAGCTTCTCGGAATGCATGTTGTTCAGGGTCCGCAGGTCCGGCAGCTT 1260 
GlyArgProGlyGlySerLeuGtyValHisProGIuGlyGlnGlnLeuLeuGlyMetHlsValValGlnGlyProGlnValArgGlnLeu 

420 430 440 

GAGCAGCAGCTTGGTGAAGCGGGAAGTCTCCAAGGGCCGGTTCTTCAGCACCAGAGCCCGAAGAGCCCGCAGCAGGCTCTCCTGGAGCTG 1350 
GluGlnGlnLeuGlyGluAlaGIySerLeuGlnGlyProValLeuGlnHisGlnSerProLysSerProGlnGlnAlaLeuLeuGluLeu 

450 460 470 

CTCCACCGAAGCGGAATTCTCCATGCCCGAGCGGTCTGTGGGGAAGACGACAGCAGTGAGGCGGACTCCCCGAGCTCCTCTGAGGAGGAA 1440 
UeuH l sArgSerG I y 1 1 eLeuH I sA I aArgA I aVa I CysG I yG I uAspAspSer SerG l uA I aAspSer ProSerSer SerG luGluGlu 

480 490 
CCGGAGGTCTGCGAGGACCTGGCAGGCAATGCAGCCTCTCCCTGAAGCCCCCCAGAAGGCCGATGGGGAAGGAGAAGGAGTGCCATACCT 1530 
P roG I uVa I CysG I uAspLeuA I aG I yAsnA I aA I aSer P roSnd 

TCTCCCAGGCCTCTGCCCCAAGAGCAGGAGGTGCCTGAAAGCTGGGAGCGTGGGCTCAGCAGGGCTGGTCACCTCCCATCCCGTAAGACC 1620 
ACCTTCCCTTCCTCAGCAGGCCAAACATGGCCAGACTCCCTTGCTTTTTGCTGTGTAGTTCCCTCTGCCTGGGATGCCCTTCCCCCTTTC 1710 
TCTGCCTGGCAACATCTTACTTGTCCTTTGAGGCCCCAACTCAAGTGTCACCTCCTTCCCCAGCTCCCCCAGGCAGAAATAGTTGTCTGT 1800 
GCTTCCTTGGTTCATGCTTCTACTGTGACACTTATCTCACTGTTTTATAATTAGTCGGGCATGAGTCTGTTTCCCAAGCTAGACTGTGTC 1890 
TGAATCATGTCTGTATCCCCAGTGCCCGGTGCAGGGCCTGGCATAGAGTAGGTACTCCATAAAAGGTGTGTTGAATTGAAAAAAAAAAAA 1980 
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FIG. IV-3 
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FIG. IV-4(A) 
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FIG. IV-4(C) 
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FIG. V-1(B)-1 



91 



271 



361 



451 



541 



631 



721 



MatGlyLauGluMatSarSarLyaAap 

4r * rTrir »x/;££ 4 Gypr£f;f5r*Tji «AGf3T AGAAACGTGAGA6CCCC ACGGCTGG6GAAGATTGCCATGGGATTGGAGAT6AGCTCC AAG6AC 

11 21 31 

SarProG I ySarLauAspG I yAr ©A I aTr pG I uAspA I aG I nLysProG I nSar A I aTrpCy sG I yG I yAr gLysThr ArgVa ITyrAla 
AGCCCTGGCAGTCTGGATGGAAGAGCTTGGGAAGATGCTCAGAAACCACAAAGTGCCTGGTGCGGTGGGAGGAAAACCAGAGTGTATGCT 



41 51 61 

ThrSarSarArgArgAlaProProSarGluGlyThrArgArgGlyGlyAlaAlaArgProGluGluAlaAlaGluGIuGlyProProAla 
181 ACAAGCAGCCGGCGGGCGCCGCCGAGTGAGGGGACGCGGCGCGGTGGGGCGGCGCGGCCCGAGGAGGCGGCGGAGGAGGGGCCGCCCGCG 

71 M 91 

A I aProG I ySarLauArgH I sSerG I yProLauG I yProH I sA I aCysProThrA I aLauProG I uProG I nva I Thr ser A I aMe t Ser 



101 111 1* 1 

SarGlnVaiVaiGiyllaGluProLauTyrMotyaAlaGiuProAlaSarProAapSarProLysGlySarSarGlu^rGluThrGlu 

AGCCAGGTGGTGGGCATT GAGCCTCTCT ACATCAAGGCAGAGCCGGCCAGCCCTGACAGTCCAAAGGGTTCCT CGGAGACAGAGACCGAG 

131 141 151 

ProProValAlaLeuAlaProGlyProAlaProThrArgCysLauProGlyHlaLyaGluGluGluAapGlyGluGlyAlaGlyProGly 
CCTCCTGTGGCCCTGGCCCCTGGTCCAGCTCCCACTCGCTGCCTCCCAGGCCACAAGGAAGAGGAGGATGGGGAGGGGGCTGGGCCTGGC 

161 171 181 

G i uG I nG I yG I yG I yLysLeuVa I LeuSar SarLauProLysAr gLeuCysLauVa I CyaG I yAapVa I A I aSar G I yTyr H I sTyr G I y 
GAGCAGGGCGGTGGGAAGCTGGTGCTCAGCTCCCTGCCCAAGCGCCTCTGCCTGGTCTGTGGGGACGTGGCCTCCGGCTACCACTATGGT 

191 201 211 

ValAlaSarCysGluAlaCyaLysAlaPhaPhaLyaArgThrllaGlnGlySarllaGluTyrSerCysProAlaSarAsnGluCysGlu 
GTGGCATCCTGTGAGGCCTGCAAAGCCTTCTTCAAGAGGACCATCCAGGGGAGCATCGAGTACAGCTGTCCGGCCTCCAACGAGTGTGAG 

221 231 241 

llaThrLysArgArgArgLyaAlaCysGlnAlaCyaArgPhaThrUysCysLauArgValGlyMetLeuLysGluGlyValArgLauAsp 
ATCACCAAGCGGAGACGCAAGGCCTGCCAGGCCTGCCGCTTCACCAAGTGCCTGCGGGTGGGCATGCTCAAGGAGGGAGTGCGCCTGGAC 



251 261 271 

ArgValArgGlyGlyArgGlntyaTyrLyaArgArgProGluValAapProtauProPhaProGlyProPheProAlaGlyProLetiAia 
811 CGCGTCCGGGGTGGGCGGCAGAAGTACMGCGGCGGCCGGAGGTGGACCCACTGCCCTTCCCGGGCCCCTTCCCTGCT 
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281 291 3 °1 

ValAlaGlyGlyProArgLysThrAlaAlaProValAanAlaLauValSarHlaUauLauValValGluProGluLyaLeuTyrAlaMat 

GTCGCTGGAGGCCCCCGGAAGACAGCAGCCCCAGTGAATGCXCTGGTGTCTCATCTGCTGGTGGTTGAGCCTGAGAAGCTCTATGCCATG 
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MetGluGlnLysProSerLysValGluCysGlySerAspProGluGlu^ 

120 130 i*hi 

150 1^0 

170 180 190 

MeHisValAlaThrGluAlaHisArgSerThrAsnAlaGlnGlySerHfsTrpLysGlnA^ 
826 ATCCACGTTGCTACAGAGGCCCATCGCAGCACCAATGCCCAGGGCAGCCATTGGAAACAGAGGCGAAAAn 

200 210 
ProAspAspIleGlyGlnSerProIleValSerMetProAspGlyAspLysVal^ 
901 CCGGATGACATTGGCCAGTCACCTATTGTCTCCATGCCGGACGGAGACAAGGTGGACCTAGAGGCCTTCAGCGAG 

220 230 
PheThrLvsIlelleThrProAlalleThrA^ 
976 mACCAAGATCATCACCCCGGCC 

250 260 
ProCysGluAspGlnllelleLeuLeuLysGlyCysCysMetGluIleMetSe^ 
1051 CCTTGTGAAGACCAGATCATCCTCCTGAAGGGCTGCTGCATGGAGATCATGTCCCTGCGGGCAGCTGTCCGCTAT 

270 280 290 

AspProGluSerAspThrleuThrLeuSerGlyGluMetThrVallysArgLy^ 
1126 GACCCTGAGAGCGACACCCTGACCCTGAGTGGGGAGATGACGGTTAAGCGGAAGCAGCTCAAGAATGGTGGCTTG 

300 310 
GlyValValSerAspAlallePheGluleuGlyLysSerleuSerAlaPheAsn^ 
1201 GGTGTAGTCTCCGACGCCATCTTTGAACTGGGCAAGTCACTCTCTGCCTTTAACCTGGATGATACGGAAGTGGCT 
320 330 340 

LeuLeuG 1 nAl aval LeuLeuMetSe^ 
1275 CTGCTGCAGGCTGTGC^ 

350 360 
GluAlaTvrLeuLeuAlaPheGluHisTyrValAs^ 
1351 GAGGCCTACCTGCTGGCGTTTGAGCACTA^ 

370 380 390 

LeuMetLysVal ThrAspLeuArgMet 1 1 eGlyAl aCysHi sAl aSerArgPheLeuHi sMetLysVal Gl uCys 
1426 CTGATGMGGTGACTGACCTCCGCATGATCGGGGCCT 

400 410 
>LeuP 
ICTCT 

GTGTGCGWGCTGGTGGGGAGGAGCTTGGAGAGAAGGGACAM^ 



5?6 GTGTGCGGAGCTGGTGGGGAGGAGCTTGGAGAGAAGGGACAAAGa 

till EKES^ 

801 GGACCKAACCTCTAGAAAGTAG^ 

876 AGGAATGAGGAATAGGGCAGGTGCCCTTACTCACCCCTACACACACACAGGAGAGCCCGCCAAGTTK 

95? AGATTTCCCTTCAGGCCACAGGTCTCTACTTCCCCMATACCTGGGTCCTGGGTGCAAAGGACAGCTTGGCTTGG 

2026 eTTAGCTCCTCCCCTGGAGGCTAAAAACGGTAGTCATCCTAACTGCA|TTTGCC 2079 
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